LOAN DOCUMENT

PHOTOGRAPH THIS SHEET
m @
M o
M= [ S
—_— 5 LEVEL INVENTORY
nNE
N= 2
N= 9 PR R-QR- D[l
< == S DOCUMENT IDENTIFICATION
—_— = WN\o<
| = 2 R
/ DISTRIBUTION STATEMENT
=
NTI18 GRA&I
PTIC TRAC 0
UNANNOUNCED a

JUSTIFICATION

R RV S

BY
DISTRIBUTION/
AVAILABILITY CODES
DISTRIBUTION  JAVAILABILITY AND/OR SPECIAL
DATE ACCESSIONED
-\
DISTRIBUTION STAMP
DATE RETURNED

% 94-08398
9454 3 1+ 00" IR

[

DATE RECEIVED IN DTIC REGISTERED OR CERTIFIED NUMBEKR

PHOTOGRAPH THIS SHEET AND RETURN TO DTIC-FDAC

o 4
DTiC T0A DOCUMFNT PROCESSING SHEET STOCK 18 EXHAUSTED

U 90
LOAN DOCUMENT




WRDC-TR-89-3046

QUADZ SEMINAF.

Vipperia B. Vonka»ya
Victoria A. Tischler

Aralysis and Optimization Branch
Structures Division

April 1989
(Revised April 1993)

r Approved for public release; distribution is unlimited.

FLIGHT DYNAMICS LABOCRATORY

WRIGHT RESEARCH and DEVELOPMENT CENTER

AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433-6523




WRDC-TR-89-3046

QUAD4 SEMINAR

Vipperla B. Venkayya
Victoria A. Tischier

Analysis and Optimization Branch
Structures Division

April 1989
{Revised April 1993)

{ Approved for public release; distribution is unlimited. 1

FLIGHT DYNAMICS LABORATORY

WRIGHT RESEARCH and DEVELOPMENT CENTER

AR FORCE SYSTZMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE, QHIC 25433-6523




@ UNCLASSIFIED
R CECURTY CLASSIFICATION OF THI% PAGE

Form Approved

REPORT DOCUMENTATION PAGE OR4B No. 0704-0188
T8 REPORT SECJRNY CLASSIFICATION b RESTRICTIVE MARKINGS
UNCLASSIFIED
72 SECURITY CLASSIFICATION AUTHORITY 3. DISTRICUTION / AVAILABILITY OF REPORT

25. DECLASSIFICATION / DOWNGRADING SCHEDULE .. ) . .
Unlimited Distribution

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
WRDC/FIBR
€2 NAME OF PERFGRMING QRGANIZATION 6b. OFFICE 5YMBOL | 7a. NAME OF MONITORING ORGANIZATION
Analysis & Optimization Branch (tf applicable)
Structures Division
6c. ADDRESS (City, State, and 21° Code) Th. ADDRESS (City, State, and ZIP Code)
WRDC/FIBRA
{ Wright-Patterson AFc Onh 45433-6553

82, NAME OF FUNDING /SPONSORING 8b. OFFIC: SYMBOL |9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

OR HANIZATION (If applicable)
Flight Dvnamics Laboratory WRDC/FIBRA N/A
8c. ADDRESS (City, State, and 2IP Code) 10 SOURCE OF FUNDING NUMBERS

' PROGRAM PROJECT TASK WORK UNIT

_ _ ELEMENT NO. | NO NO ACCESSION NG.

Wright-Patierson AFR OH 45433-6553 62201F 2401 02 05

11, TITLE (Inc/ude Security Classification)

QUADA Seminar

12 PERSONAL AUTHOR(S)
Vipperla B. Venkayya, Victoria A. Tischler

13a. TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) [15. PAGE COUNT
rROM_Jan 82 1o Mar 89 1989 April 01 215

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18 SUBIECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP

19. ABSTRACT (Continue on reverse if pecessary and identify by block number)

This report is prepared for use in conjunction with a four to eight hour course of instruc-
tion for training engineers in modeling plates in NASTRAN (NASA STRuctural ANalysis Program)]
It contains a number of sampie problems to illustrate the various capabilities of the
QUAL4 element in COSMIC-NASTRAN. In many instances, the results were compared with those
obtained trom MSC-NASTRAN,

20 DSTRBUTION * AVATLABILTY OF ARSTRACT 2 ABSTRACT SECURITY CLASSIFICATION
B UNCLASS £ DR LINTED [ sare ag oY U3 DTIC LSERS UNCLASSTIFIED
228 NAME OF RISPONSIBLE INDIvILUAL 226 TECEPRGNE (Includs Area Code) | 22¢ OFFICE SYMRO.
Vipperia 8. Verkavya 5)3-755-719) WRNC/FIRD
@ DCFormi-73, JUN 86 Previogs editions a-e obsolete SECURITY CLASSIFICATION OF Tnis PACE
i UNCLASSIFIED

e ——



NOTICE

When Government drawings, specifications, or other data are used for any purpose other
than in connection with a definitely Government-related procurement, the United States
Government incurs no responsibility or any obligation whatsoever. The fact that the
Government may have formulated or in any way supplied the said drawings, specifications,
or other data. is not to be regarded by implication, or otherwise as in any manner, as
licensing the holder or any other person or corporation; or as conveying any rights or
permission tc manufacture, use, or sell any patented invention that may in any way be
related thereto.

This technical report has been reviewed and is approved for publication.

7 -
DG LM Uilson 3 20582

VIPPERLA B. VENKAYYA NELSON D. WOLF, Technical Manager
Aerospace Engineer Design & Analysis Methods Group
Design & Analysis Methods Group Analysis & Optimization Branch

FOR THE COMMANDER

L0,

N T. ACH, Chief
Analysis & Optimization Branch
Structures Division

“If your address has changed. if you wish to be removed from our mailing list, or if
the addressee is no longer employed by your organization please notify WRDC/FIBRA.
WPAFB, OH 45433-6523 to help us maintain a current mailing lst”™.

Copies of this report should not be returned unless return is required by security consid-
erations, contractual obligations, or notice on a specific document.




APPENDIX

APPENDIX

APPENDIX

APPENDIX

AFPPENDIX

APPENDIX

TABLE OF CONTENTS

INTRODUCITION

SEMINAR VIEWGRAPHS

THEORETICAL DEVELOPMENT OF THE QUAD4 LELEMENT
GUIDELINES FOR THE USE OF THE QUAD4 ELEMENT
SAMPLE PROBLEMY

B.1 PROBLEM DESCRIPTIONS
B.2 RESULTS AND COMPARISON

CASE CONTROL AND BULK DATA CARDS PERTAINING TO
QUAD4 ELEMENT

NASTRAN INPUT DATX FOR SPMPLE PROCBLEMS
1-6, 8, 9, 11, 13c

NASTRAN INPUT AND OUTPUT FOR SAMPLE PROBLEMS
7, 10, 12, 13a, 13b, 13d, 14, end 9 and 12
with TRIA3

NASTRAN INPUT AND OUTPUT FOR PROBLEM 15

111

PAGE

29
66
80
82
100

115

134

171

248




FORELRED

Thig technical report is prapared for prevsntation st

training seminars modaling plate clementa in NASTEAW (HA4SA
STRuctural ANalysis Progrem). This training gseminar is uvEnslly
given at NASTRAN Uger Colloguiums or NASTRAN Applications Short

Courses .




INTRODUCTION

NASTRKAN

(NASA S$TRuctural ANalysie Program) iz the most
widely used general purpose #tructural analysis program in the
world. Thisg program was originally developed in the mid-sixties,
and ¢he fivat version waz relessed in 1088., The program
davaeluped was sponored by the National Aercuautics and Space
Administration (NASA). This development In the form of
snhancements and maintenance wag continued until 1072 ae a sing.e
Government versgion under the sponsorghip of NaSA. Si-ce then the
Government vergion i# being developed aw COSMIC-NASTRAN, vhile a
commercial version i# being marketed by McNea! and Swendler
Corporation (MSC) sz MSC-NASTRAW. Even though the bLasic
gtructure of these two versions remaing the game, thers xre
gignificant differences in capabilities and effticiencies. Ay sund
1980 the MSC introdurned & new plate bending eolement called the
QU&DE to 1ta element library. it i8 one of the mogt versatile
plate bending elemenis, even though ity thecretical basic is
gomewhat conitroverzial, The basic #itrength of thisg slement is
thai it was sublected o exclusive numerical testing, and a
nunber of swpirtoesl sofivgtments » re mads Lo conform the resulils
o kuown solubiona. fhe QUADY elaswsnt embodies & numbsr of
ImprovEinenty over Los earlisr swlements (QDMIE, QDMEML QDMEMT

oy e e . SN
DDV G Ay end Quiadd




Tt in an ixoperameiric formulation.

It models inplane (membrane) behavior more realistically.
The layered compogites modeling cspability 12 extensive.
Mambrane-banding coupling can be wmodelod resliztically.
It i¢ the only plate element with an ofiset faature.

it 18 a convenient element for modeling laminate plates.
The same element ¢aAn be usesd in modeling sandwich plates;
sven though it is not as simpie to model gandwich plates
with composite face sheets.

A single piate elzment replacecd all other elements.

Until around 1887, COSMIC-WNASTRAN did not have a srimilar

(QUAD4) capability. The absence of this capabllity rupregentad &

~gnificant inconvenien:e, in particulay, for .odeling layered
cconrogites. Betweenr 1083-10B6 a QUAD4 elomenrt was developed
under the sponsorship of the Air Force (Flight Dynamice
Laboratory! for use in the program ASTROS (Automated Sitructural
Optinacation Syetem). AL the w#-me time thig slement waa
incorporated into COSMIC-KNASTEAN. The ASTROS-QUAD4 element ie
Rimilar to the MSC-QUAD4, but there are significant differences
in the theoretical formuleation between the two elements.

This report prov:ier an informal background for modeling with
the QUADY #lement. It vontaing over 15 problems to illuatrate
varioug optionsg of the slement Howevar, the report was intended
only as beckground material 1o be ugen in conjunction with = one-

day ghort course . The gecilion o the thavretiosl § srmulatiocy was




reproduced verhatim from one of the interim raports of the ASTROS

contract .
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2.0 SEMINAR VIEWGRAPHS
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APPENDIX A

IHE QUADS ELEMENT

This appendix provides the theoretical development for the QUAD4
element that has been installed into ASTROS. An overview of this element is
given in Subsection 5.3.3, while this appendix provides detailed information
on the element. This detall 1is necessary because, unlike the other elements,

the ASTROS QUAD4 element has not been documented elsevhere,
A.l DISPLACEMENT FUNCTIONS

The QUAD4 element iias two distinct element coordinate systems. These
are the "user defined" element coordinate system as defined by the element
connectivity data and the "internal element®™ coordinate system, which is
defined as having its origin at G, (X°g, Y°g, Z2°g). This origin is computed
by taking the average of the grid point coordinates. The positive X- and Y-
axes of the internal element coordinate system are defined with the aid of two

points, Gyg and Gyg described below.

V13 and §24 are defined as the unit diagonal vectors as illustrated in
Figure A-1. Thus, the coordinates of polnts Gyxg and Gyp are given by the
following:

G - XO + X'), (YO +Y'), (2°
Xg {( E E) ( E E) ( E))

c (A-1)
- {(X° - Y"), (YO +X'), (z°
YE {( r E) ( E E) { E')

where, X°c, Y°p and Z°p are the coordinates of the origins of the internal
coordinate system and X'p and Y'g are the components of the bigector vector of

the unit diagonals Vi3 and Vy,.

The coordinates of points G,, Gyr &nd Cyg, are used to define the
transformation from the internzl element coordinate system to the coordinate
system in which the grid points sare defined. The internal element coordinate
system is mnecessary to correctly handle irregular-gshaped and mnon-planar

elements and is henceforth referred to as the "element" (E) coordinate system.

30




Using 2-D interpolation functions, the geometry field at any point (¢,
n) in the element cross-section (see Figure A-2) is defined, where the nodal
curvilinear coordinates are related to the nodal cartesian coordinates system

in the element coordinate system by the following relationship:
4 1
(XE(€. M} = 121 N (£, n) (XE}

where 1 refers to grid point 1, and

1
{Xg) = (Xg, YE, Zg) at node &,

N(¢,n)) are the interpolation (shape) functions which define the con-
tribution of each node at a given point with the elerent.

These functions and their derivatives are:

Ry = 1/6(1 + £€0)(1 + nny)

8N
— = 11+ 9y (A-2)
én 4

The deformations of the element are also represented with the identi-

cal interpolation functions:

4 i
{Ug(€,m)} = 121 N (£.n){UE) (A-3)

vhere {UiE) -~ (Ug, Vg, Vg, Oxg, 'y;, ng)T represents the vector of
displacements at grid point 4 in the element coordinate system.

A.2 STRAIN-DISPLACEMENT RETATIONSHIP

The QUAD4 element incorporates a reduced solid theory for thick
shells. According to this theory, the element has five dof at each grid,
defined in a coordinate system whose X-Y plane is tangent to the mid-surface
of the shell at the given grid point. The z-axis, therefore, is the normal to
mid-surface at that point. In our nomenclature, this is called the "C" systen
(Pigure A-2 and A-3), |

A generalization of the "C" system, called "I" system, incorporates
the characteristics of the "C" system at a general point on the mid-surface of
the shell element, normally the integration point (Figure A-2).

3N



In order to establish a common definition for "I" and “C" systems,

consider the following steps:

(A) The tangents to mid-surface at a given point (§,n) are:

X
89y
z 4 gy [x)1
8¢ -1 8¢ |z)¢
X
8 1y
Veg) = —E - =z ddy (A-5)
where

i
x
{y} are the coordinates of grid points in "E" system.
Z)E

(B) The axes of the new system then follow:
(Ve } x (Ve )
! £
I(th) x {Vtz}l

(ZY1yc = (Vp) =

Y Z
{ )E x ( )le (A-6)
|(Y)E x (Z}I/CI

Xl =

Migc = (2)17c x (X1/c
(C) Finally:
[TIE] = [(X)1i{¥)7(2)7)T (A-7)

(rcE}! = [ximilT (A-8)
C [ Cc

Note that the "C" system is not necessarily invariant when we go
from one grid to the next. This 1s due to the possible warping

of the element.

Since the ultimate goal of this discussion is to establish a relation-
ship between the element strains (which are defined in the “I" gystem), and
the nodal displacements (defined in the ®"E" system), it is necessary to
develop & series of transformations along with the strain-displacement rela-

tionships.
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Consider the five dof’'s in the "C" system at each grid point *i" to be
arranged in the following manner (Figure A-3):

$ u) 1 a]!
). - {v ;o - (A-9)
c v c
c c

In order to be compatible with the other dof’s in the model, these are
related to the six dof at that grid point, defined in the "E” system, by the
relationship:

i i
vty = [rcE iUy
c E

(A-10)

1 010 1
(6) = (TcE)i(4)
c -100 E

The extra transformation in the rotational case is a result of the
difference in the definition of rotations for "C" and "E" systems (Figures A-3
and A-4).

The same five dof’s are related to six dof’s in the "I" system by
using the transformations developed in Equations A-7 and A-8. Considering
Equation A-10 and A-3:

() [TIE) g N {(Tcs)i]Tw}1 [TIE) ; N (U)1
I =1 * c =1 1 E

4 i
- T NIT]U) A-11
i i[T] E ( )
and

4 T i 4 T
(6)1 = I[TIE) T NjI(TCE)L) (8) = [TIE] T Ny[(TCE)Y)
i=1 c {=1

(A-12)

010 g 4 g
(rcell(s)” = =z Ng[A}i()
100 E  i-l E

Note that while [T] {s invariant, [A] depends on the direction of the normal
to mid-surface at each grid point.
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At a point along the Z-axis of "I" system, at a level of Z = £t1/2,
where,
4
t - Z Njit
1 & Mt

is the thickness of the element evaluated at this particular integration
point, the dof’s in "I" system may be written in the following form:

(uyly = (ulg ; (uply = $tg,218)1 (A-13) .

The strain-displecement relationships can now be developed, using

these rearranged dof’s:

(e 1M [ susax WM [3/ax 0 O]

v

legly = eyt = 1 8v/3y 0 38/3y Ojluy)1 (A-14)
\TxyJ 1 [du/dy+3v/0x) 1 |3/3y 8/8x 0]
(ex 1B [ 8usex B [3/8x 0 0]

(eg)y = {ey t = 4 8wy t = |0 8/3y Oltup)y  (A-15)

(Txy) 1 (du/dy+dv/dx) 1 3/8y 8/3x O]

Tyz dw/3y+3v/dz 00 a/3y] 0 8/3z 0](uy
{yg)y = - - | (A-16)
TzxJ 1 dw/dx+3u/dz 0 08/3x|8/8z 0 OJ(up)y
Inserting Equations A-11 through A-13 into Equations A-14 through A-

16, and considering the following:

& (up)y = £ z(8); = (87
dz 8z

and (A-17)
3/8x 3Ny /dx
8/8y - 1§1 N3 /3y
1 Ny

we arrive at the following general relationships:
8Ngy/9x O 0
4 i
{ely = Z 0 dN;/dy O [T](U}E (A-18)

i=1
3Ny /3y 3Ni/ax O
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dNy/x O 0

e, 4 _ 1 4
(el = 'EI 1§1 0 8Ny/3y O |[A) (a)E (A-19)

8Ny /8y 8Ny/8x O
& [oo0aNg/3y 1 0 Rg O[T} 1 O vyl
(vs}1 = 2 | i Rt --- (2-20)
=1 {ooang/ax | Ng 0 01 o | [a)l e Jg

or, collectively:

() aNg/ax O O] M 1 Tt
I ' |
M 0 8Nj/8y O] 0 [T]1 © v
I |
8Ny /3y 8Nj/3x 0] | w
N N P T {--- |14 ¢
| 8Ny/3x 0 O ! 8y
4 lce -
(e} = <eB»-izl 0 '_El 0 8Nj/3y O)|| O [(a}}]]6y
- | [ |
| [8Ny/8y 8Nj/éx Of(l | jleJg
ee]  Jeececocsencacsces I ....................
0 0 &Ny/dy| O Ny 0
s | (A-21)
L J1 0 0 38Ny/dx | Ny 0 0

Since the shape functions Ny are defined in terms of the curvilinear
coordinates (£,n), the shape function derivatives are related to the corre-
sponding Cartesian derivatives in the element [E] coordinate system, by using

the rules of partial differentiation, as:

8Ny /3¢ 8x/36 8y/3¢ 8z/3¢ | 8Ny/ax
aNi/3n } = | ax/an 8y/én 8z/3n |{ 8Ny/ay (A-22)
3Ny /3¢ 8x/3; 8y/8¢ 8z/3c || 8Ny/8z

The first and second rows of the transformation matrix (or Jacobian
matrix [J]) are the tangent vectors to the surface r = constant and the third
row is the interpolated values of the nodal normals. (Note the nodal normals
are evaluated by carrying out the cross product of the two tangent wvectors at

the node point.)

From Equation A-7 the coordinates in the "I" system are related to the
coordinates in the "E" system by the following:

(U); = [TIE](U)g
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Therefore, the derivatives are glven by:
AN /I BNy 0€
Ry /3y = 1#] 9 ANy /8y
8Ny /8z 8Ny /8%
where JA-23)
¢11 %12 O
(6] = (TIE] (J1"1 = | é21 622 ©
¢31 ¥32 ¥33

Note that 2Nj/3f and 8Ny/fz will be zero when the interpolazed mormsl at the
integration point cnincides with the normal to the mid-surface; e.g., in the
case of the flat plate (¢3) and ¢4, are zero). The zere terms in {4), L.e.,

é13 and ¢23. result from dot products of perpendicular vectors.
A.3 STRESSH-STRAYIN RELATIONSHIPS

Stresses arc velated to the previously defined siratny dy the elastic-

ity matrix [G] (where [{) 45 partitioned to give sirnrile mephrane Gcresses).

oM gGl g 0 : 0 €M 3 §
nnnnn Y Ly Pt [y IR S
L G t¢ 1633 Urrs Juee S b\

or (A-20)
(ol = [6Iy(le e - Lepdsz
where
{0y Menbrane siress vecteor
{op) Bending stress vector
{rrg) Trensveise sheal strers wectoy
{611 Hembrane modull mateix
fG71 Bendlug wodoll wavtylx
[Ga] Transverss shesy woduil weviig

. g - P 3 . P 4 " ‘e " P— .o 4 O B
vefer ro mechantoal ard therael, vespeaotively,

arpd sabsoviprs "HECT and ST

PR A QA A SN e A S L A AR




The membrane-bending coupling modull matrix [G4) will be incorporated
into the [G] matrix following this discussion of the uncoupled matrices.

All anisotropic, orthotropic and isotropic material properties are
supported. The elastic modulus matrix [G]y is defined in the material coordi-
nate system and transformed into the user defined elenent coordinate system by
means of a transformation angle, #y, which references the user defined element
X-AXIS or the material coordinate system ID (MCSID) specified by the user. fy
is in the X-Y plane of the element as shown in Pigure A-5.

The elastic modulus matrix in the element coordinate system is:
[clr = [UI1TeIy(v] (A-25)

(Note that since the projection of X7 onto the Xg-Yg plane is parallel to Xg,

no extra transformations are required between the "E" and "I" systems.)
The transformation matrix for [Gj], [G;] and [G,] is:
coszau sinzon cosfyusinfy
(U] . - sindy cos2y -cosfysinfy (A-26)
-2sinfycosfy 2sinfpcosfy C052‘H'Sin29M

and the transformation matrix for [G3) is:

cosfy sinfy
[Ug] = (A-27)
-sinfy cosfy
For isotropic materials:
(A) Membrane
1 v O
l-» -
SYM lﬁz
(B) Bending
3 :
(G2] = £ [6;] (A-29)

121
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{C) Trvansvermpe Shear

£1-x) 0
¢ o1 2K
{Gy] - -& (A-30)
T 2K

where E {s the Young’s wmodulus; t 1s the element thickness at the correspond-
ing integration peint, » §s the Poisson's ratio and *s/t is the transverse

shear factor.

Note that in wmatrix [C3], the factor "K" is introduced o compensate
for the difference in shear distribution though the thickness, which is
parabolic and not constant as indicated by tihe displacement function. ‘(he
value of Ke1.2 is the ratio of the velevant strain energies. The B: factors,
which axe derived numevrically, are introduczd to compensate for the "locking”

0f the element due to excessive shear stiffness.
For snisotropic materials:

{(A) Membrane

{6y - G22 623 (A-31)
- SYM 33

{¥) Bending

3
- {G] (A-32)

Gyl m b
[Ga] To1

{C} Transverse Shear

(A2

L3
e
—

[G3] = &

For orthotropic materials:
{AY Membrane
DB vl v 1
§' o i I - w,m..'k_* ; ¥ o 0 ; (A3

NV Giotl vyavgp

MRt

ummmmmm



(8) RBending

3
Gyl = k- (G -3
Gyl 131 (G1] {A-35)

(C) Transverge shear

(t3] =

rvhn

&3 Y
[ z (A-36)
0 Gy,

where Ej and E; ar: the Young's moduli in the principal material axes, vy, is
the major Poisson’s ration; G317 is the in-plane shear modulus, Gj, and Gj, are

the out-of-plane shear moduli and %s/t is the transverse shear factor.

The derivation of the [G,] membrane-bending coupling matrix begins by

denoting the strains at the mid-gurface as:

o
L4
X
o ] ‘
(CM) o !y {At37)
o
ny
&nd the out of plane curvatures us:
[ Ky
(K} = Ky (A-38)
l ny

Therefi.e, the mtrains at & distance z above the mid-surface of the element
ar.:
[

ve) = ey} - z{K) {A-39)

The corresponding 2-D ptresses are:
©

(o} iG]I((fH) - z{K}) {(A-40)

where [Gly is a (3:3) matrix of elsstic modull.

The ferces and moments per unit length are therefore given by:

Iy I
lo) dz = [ [Gl{({e®) - z(¥))dz (A-61)

& “a

$4 oy
4




Zh Zh
(M} = J  fo) zdz = [ [C)y(-z(e®) + 2z2(K))dz (A-62)
Zg Zg

M) = 206, <P} + L]72](K)

where t is the plate thickness and I is the bending inertia. Assuming a

linear variation of ealastic properties between top and bottom surface.

t/2 G 4G
6] = & [ " gdz = A (4-43)
. t .t/2 2
t/2 3
6] = } J T eaz = (E-ri6g) (A-44)
t/2 G. - C
64] = 4 [ ~ (-2)6dz = -|t.-E (A-453)
t3 ,t/z 12

Note that the menbrane-bending stiffriess coupling terms vanish for a eliement
whose elastic properties are symmetric rvelative to the mean plane of the

element,

By assuming that the elastic wodulus has a linear wvariation between

the top and bottom surfaces, define:
G ~ G + ¢/2(G - Gp) (A-46)
Therefore, from Equations A-31 and A-32:
{A)Y Membrane
G = Gy + §/2(-12Gy) (A-47)
G =~ Gy - 6{G, (A-48)

(B) Bending

3

G]t

02 — e
121

(A-49)
¢ ~ 421 ¢; - 656,
t3
Ma 1ix [Gq] 1g not effected since transverse shears are assumed to heave no

coupling action.




Therefore, the atress-strain relatfonship, allowing for wmembrane,

baending, transverse shear and membrane-bending coupling is:

oy Gy | G1-66G4 | O ey
........................ jov-- e
oTOT - G1-6§G, | Gy | O} < ¢B (A-50)
............... freecememalann. ceman
TS v 1 0 |63 TIS
where
(o) = oy » Hembrane stresses
Txy
{ Ty
lopor) = i Oy , Total membrare and bending stresses
Yxy JTOT
{org) = . Trasusverse shear gtresses
Tyxz
(o
{ey) = l ¢y , Membrane strain
\ ¥xy
tx
{ep) = € . Bending strains
Tay 4B
Yyz
{vrs) = , Transverse shear strains
Ixz 4
A4 STIFFRESS MATRIX

The element stiffness awtiix {s derived by minimiiing the total
potential energy and is given ir numerical form by smploying the Gauss-quadra-

ture integration method:
[Klp = T EX [B)T[C]B]W W Mpdet (3] (A-51)

where (£, n, ) are the Gausslan integretior poilnt coovdinat:g znd U€, Wﬂ“ and
Wr are the sssoclated weight factors. Det [J] represents the physical velume
of the element as caler'ated ac chils polnt, X 4s the stieli displacemant
relerionship of Equation A-71 and € is the stress gerein velationship ef

Equation A-H0.
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Each element s.iffness watrix partition in the elament coordinate
system, [KijJgp, is transformed to the global ceordinate system by the follow-

ing transformation:

T
(Kiglg = [TEG]y[{Kgq)gp{TEG)y (A-52)

where [TEG]y 1s determined by relating the element cocrdinate system to the
global coordinate system fer grid 1 through the basic coordinate system:

[TEG]y = ([TEB)¢{TBG]y (A-33)
A.S CONSISTENT AND LUMPED MASS MATRICES |

The consistent mass matrix terms are evaluated, neglecting the rota-
tional inertias associated with the a and § degrees of freedom, by the follow-

ing expression:
A
Mys = Z NgNy p|J[tq (A-54)
n=1

wvhere Ny is the shape function for node i, p is the miess per unit volume, 3§
is the physical area of the element &nd t, is5 the element thickness at the

integration point.

The Jlumped wmass matrix, which 1s calculated at the ypseudo center
({.e., the average of the element grid coordinates), is prorated to the eadpes

based on the distance of the pseudo center from eaach edge.
The terms oX the lumped mass metrix arz evaluated using:

&
Myy = xl Ry ol3]tn (A-55)

1_

The transformation of the nsss matcix to the global coordinate systew
is carried out uwsing the aame transformatlion matrices as used for the stiff-

ness matrix in Equation A-52.
A6 8TRESS RECOVERY

The ¢lement stresses In parvitioned form from Equetion A-50 sre

B




oy G 1 61-6664 | 071 [ [en M
°TOT [ = 61-6§Ga= G2 : 0 B ~q¢B
TS 0 { 0 ; G3 v1s)uec \¥1s
or
oM Gy | 04'| 0 13 N
ity S ot po PR R R D S Y (n-56)
TTS 0 : Y : G3 rrsiuec  \r1siT

For a specified grid point temperature, the thermal strain vector is:

€x
(eMlt = { ¢y } = {a1}(Ty - Tp) (A-57)
Txy /T

wvhere {aj)} = [U]'l{an) 15 a vector of thermal expansion coefficients in the
element coordinate system. [U] is the strain transformation matrix given in
Equation A-26 and (ap) is the vector of thermal expansion coefficients in the
material axes. Ty and T, are the specified grid point temperature and mid-

surface (stress-free) temperature, respectively.

For a thermal gradient T', the thermal strain vector (¢B)t is:

By = (e T (A-58)
For thermal moments (M), the thermal strain vector (®Bly is:
(eByp = =$E [G2]1(M)7 (a-59)

NOTE: ASTROS does not support thermal gradient or moments $0 that the above

equations are provided for completeness only.

The in-plane stress vector (c}z at fiber distance z from the mid-

surface 1is:

ox % - ox
01y = foy t = G-D oyt +&+D qoy (A-60)
Txylz t Txy)1l t xy/l

where the stress vectors (ax,ay,rxy}fr and (ax.ay.fxy)zT are the bottom and

top fiber stress vectors, respectively.
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1f s temperature Ty s wmpecified at the point wheare outer fiber
stresses s&re to be calculated, the additionsl thermal stress due to the
difference between the spacified tempersture and a temperature that would be
produced by & uniform ¢hermal pradient T’ or thermal mowents (M) is calculat-

ed using:
{po)y = [Gallay){Ty - T - T'2) (a-61)

for a thermal gradient T', and

(M)
(Ac)y = -zu-EI ~ [62]1a)Ty (A-52)
A7 FORCE RESULTANTS

The forces at the mid-surface are evaluated by <aking th: average

stress values ovey the element thickness:

(A) Forces
Fx
(F} = gy - ({o)z1 + (c)z) X (A-63)
Xy <
(B) Mowments
My
(v - 4 M - (lolz) - (o)) & (A-64)
Mxy Z
(C) Trensverse Shear Forces
Q
(Qy = - (Urlgy + {5),) k (A-65)
Qy 2
Y

where stress vectors {cjy1 , {o)yy ere mtresses at the inrvegration polunts
{default option) or at grid polnty (if requested) and, similarly, (v} 3 and

{7)z) are the transverse sliear struesses.
A8 THER~aL LOAD VECTOR
The thermel iaad vectonr s computed as:

(ppy = [ [Bj{G]ie}y dv (h-663
v

wheve the load wector (Pyp) Is defined o5:

%xmmal.smmmm + ASSNRRTON ¢ R



)

Fr
{Pp) = {} (A-67)
Mt

wvhere (Fr) and (M7) are the thermal forces and moments, respectively.

The thermal strain vector is:

My oM
{e) = { ----- } - {---~} AT (A-68)
By ap

vhere (¢¥)T and (¢B)T are the thermal membrane and bending strains, and corre-

spondingly {ayM) and (ap) are the thermal coefficients of expansion for memn-

brane and bending. AT is dependent on the temperature loading being speci-

fied.

(A)

(B)

(©)

For a specified grid point temperature the thermal membrane

strain vector, (®M)T, is:

{eq) = (o) (Tg - Tp) (A-69)
Ty = Grid point temperature
To = Reference (stress-free) temperature

For a thermal gradient, the thermal bending strain vector, (¢B)7,
is:

{eg) = ({ap) "ff T') (A-70)
For thermal moments, the thermal bending strain vector, ({(¢B)r,
is:

(eg} = lcy_](mrﬁé (A-71)

ROTE: ASTROS does not support thermal gradients or moments so

that the sbove equations are provided for completeness only.

A.S LAMINATED COMPOSITE MATERIALS

The capability to model a stack of layers with a single QUAD4 element

ic detailed including the computation of equivalent "single layer" properties,

i.e., menbrane, bending transverse shear and membrane-bending coupling. The

recovery of element forces, layer and interlaminar shear stresses and the

computation of ply failure indices is also described in the following overview

of theory.
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A.9.%  Qugrview of Theory
The cslculation of the "oversil” properties for the laminated cempos-
ite elements iz based on the clussical laminetion theory with the following

assumptions:
(A) Each of the lamina is in & state of plane stress.
(B} The laminate i{s prezsumed to consist of perfectly bonded lamina.

(C) The bonds are presumed to be i{nfinitesimally thin and mnon-shear
deformable. That is, the displacements are continuous across the
lamina boundaries so that lamina can not slip relative to one
another. Thus, the laninate behaves as a gingle layer with

“special® properties.

The material properties of laminated composite materials are reflected

in the following forca-strain reletionship:

9 T
[F t Gy | t4G4 | 0 &:M-eﬂ'\
.- e ChLd EREEEE fommmee ] e
X - %G, | 1Gp | O K - KT (A-72)
R fovune- f-remn- e
v L O | 0 |ty G '
WHET e
FX
{F) = Fy , Mexbrane forces per unit length.
Fx.‘w’
My
{M} = Hy , Bending moments per unit length.
My
Vy |
vV} = . Transverse shear forces per unit length.
v
y

and the remaining terms have been defined previously.

The 1, Go, mand G, terms are defined by the folloving:

<.

Go ow A ox? [y az FALT




The limit on the integration are from the bottom surface tc the top surface of
the laminated composite. “The elasticity matrix [Gg] hes the folilowing form

for isotropic materials:

. . "EET 0
102 12
(G = sYM L. 0 (A-74)
l-»
e cd
¢ ~ —E_ (A-75)
2(1+v)

For orthotropic materials, matrix {Gp] is:

_ El u1£2 0
1-yvyvg 1l-vyvp
E
{GE] =~ SYM ——4i— 0 (A-76)
l-vyva
L Gy2 |

Equation A-73 may be vewritten es-

N
[654). =~ & =z qey41% (zx - Zx. 1)
SRR T K1 Gy} K X-1
1 N33 iy
(G - L ® (641X (2 - Zp.13 (A-77
13]2 TR [Cyy K ¥-17
N 2 1
Gyl =~ A ® (ogIX (g - 2oy
i3 S K [y} K A‘

wheve [Cij]k is the reduced wodull matrix savaluaved for esch {mmina K after
transtorming the lamina property maty 'y from the fiber to the siement marterial

BXE o

Ly @ni Zg.1 ave the top and bortow duiances of lamina X from the
ge votile micdle plane of the laninarte, a2s {liusirated in Figure A-6, and N is
the nombey of laminse (or piles). Weore that the plies ave numbered merially
srarting with 1 At the bottom lavey. The botoor lavey §s defincd as the

surface with the lavgest -z wvalue o the slegeni coordinate sysiesn T the




aption to model membrane-only elemants 15 axercised, matrices {Ga]. (€3], and
{G4,] mxe set to zero.

If the user defined element axis s not coincident with the slementg

e B e B

waterial axis, the uter specified transformation engle @y, vhich references

the element X-axis, 4is added to the layer orientation sngiz. The property

matrices {Gy), [Gp]., and {G,4] are chen transformed to the user defined ealement

axis uslng the following equation: q
ig) = 1T foy) [v) (A-78)
where
[ cos2é sin?¢ cosfaind P,
(U] = sir2g cos?p -cosdsinfd (A-79)
-2sinfcosd 2sinfcosb cosld-zinl
The transverse shear flexibility (Ga)] matrix is defined Ly: d
| G131 612 |
[G3) = {(K-0D)
G12 22
and the corresponding matrix trensforwed inte the user-defin- 1 2)ement _cordl
nate stew is given by: ﬁ
(6] = T (ey) (W) (A-81)
vhere 4
cosf ginéd }
A S , (A-82)
| -sind  cosé
The derivation of the transverse shear floxibility matsix JU3) for the d

laminate is conscidered xt.

The mean value o the transverse shear modulus, ¢, for the lawinated

is defined in terms of the transverse shear strain energy, U,

composite
th . ouigh the depth as: %
? 2
U = ¥« 0 flelall e, (4-83)
26t 2 Gz

far both

Vi

# unique mean value of v._ ansverse shear strain ig sssumed to exist

wne w- and y-cowponents of the element coordinace syscenx, but for ease of




ditecussion, oaly the evaluation of an wocoupled x-cowmponent. of the shesr
wodulil wiil e {f{ililustrated here. From REquation A-83, vhe mesn wveiue of
transverse shear modulus is written in the following form:
T S CI €33 Y
A, ~ X 0¥ S S5, SN T {A-B4)
; . 42
Gy w2 de=l TTL-D (Gx)1
X
wiere G iz an "average ' transverse shear coefficient used by the element code
snd (Gydg Lo the lucal shear coefficisnt for leyer 4. Te ovaluate Equation A-
B4, 4t is necersury to obtain an sxpression for [vypy{(z)]. This iz accom-
piished by aszwring that the x- and y-componentr of stress are decoupled from
one another, Thls assurption allows the desivred egquation to be deduced

through an examination of & beam of unit cross-sectionel width.

Z
? -
-
¥ sy :
7 | \ A"; |
b
SPEY e ma*mmi%éx ':E':

The equilibxlim econdiiions in the hrvigontal direction and for total

moment are

dr Jo
IR, IR . SR (4-82)
Bz RS

. (A-86)

It the lovation of tne wmeutrel sorface is denoted Dy ry #nd p 1s the radius of

curvarure ¢f the beam, the avlel stress, o, is expressed in the form:

A4




Equatfon A-87 fs diffsrentisted with rerpect te x and cowbined with Equation:
£-B5 snnd A-86 .  Fou constant Ey, the result is Iintigrated to yleld the follow-
ing expression:

v -

z
Ty ™ Cf ¥ =L fzyz - L } Ey 2g o< (A-88)
2 i (EL)y, X 2 | bt i-1 i ¢

Equation A-#8 {s wused in tha assslysis of wm-piy lsminates bersuse
suffici nt conditions exiat teo determlee “hr copezants ¢ (d=1,2,.....n) and
the "di ectional bending cen‘er,” i,. Tur sxrmple, wscnsider e Following

laminated configuration:

L._..._‘.. tw 2 R

LR . P
o TS . S :

LN
oo g Koy
(Ei)y ) 2

ane fov the Fli b vly at the flaterface between plies fwl and =2 (mezy):

¥ P -
’ > ? Fr N o
(TrpYy Tﬁj§§m [z fey-xp® - % “zyezpdl Mg {6900
4 ot

At this intavisce

¢ e
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Then, in the ply, 2] < Z < Z2, the shear is:
V E - 2 2
rxz(z) = (Txz)] + XX [z,(z-z1) - & (22-21)) (A-92)
(ED)y 2
In general, for any ply zj.ij < z < zj, the shear is:

Txz(2)g = (Txz)q.1 + ?g;?)si [2x(z-21.1) - 1 (22-22.1)) (A-93)

At any ply interface, zj, the shear i{s therefore:

i

v -
(Txz); = -(—E_ils;- j}-:l Exj Tj [z - % (:.'.J + zj-l)] (A-94)

vhere Ty = z§-2§.1-

Note that the shear at the top face, ("xz),, is zero and therefore:

[ (z. 4z, .)

AY - n
("x2)y = YE?T; l Exj Ty Jz Exy Ty ._i__i_l_] - 0 (A-95)

Equation A-S5 proves that if Z, is the bending center, the shear at the top

surface must be zero.

A better form of Equation A-93, for this purpose, is:

(Tx2(2)]y = ¥%;§i £ + z(z-24.7) - % (z2-z§_1) ] (A-96)
where
1-1 -
fx; - Ei: j§1 Bxy Ty l2zx - % (zy+z4.1)] (A-97)

Substituting Equation A-96 into Equation A-84 yields:

i - I }: _l_in ~ (A-98a)
Gy (EI)Z i=1 G4 x{ ‘
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where

Rxt = (Exq)? Ti[(fxi + (zx-z3.1)7Tg - %Tiz)fxi + (%(Zx-zzi-l)

- 3 3 3 3
- % Ty) 24Ty + (% 2.1 + % Z4.1Ty + %6 Ty{)Ty } (A-98b)

This expression for the inverse shear modulus for the x-direction is general-
ized to provide for the calculation of each term in the two-by-two matrix of

shear moduli as:

- - n § -1 -1
[Cxi) = - . [6K1)] Ry (A-99)
(E1)2 i-1
kk
where
k = 1,2
l1 - 1,2

Note that if no shear is given, [ci]-l-o. and also that, in Equation A-99:

— +*
(EI)1; = 1,1 term of I x [G3]

-— *
(EI)22 = 2,2 term of 1 x [G3]

vhere [G*3] is calculated in the mame manner as [G3] except that Poisson's
ratio is set to zero. The moduli for individual plies are provided through
user input. Because Gj2%G21, in general, an average value is used for the

coupling terms.

r

611 (EIZ)AVG
(63] - l

(A-100)
®12)av6 G22
A.9.2 Element laver Stress Recovery
The linear strain variation is given by:
{eg) = (ey) - z(K} (A-101)

(9 2]
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where

{ex)
{ey!
iK)

p'A

‘myer strain vector in the element coordinate system.
Reference surface strair in the element coordinaie system.

Reference surface curvatures in the alement ecoordinate
gyEtem.

Distance of the mid-surface of the layer k from the laminate
reference surfece.

The individual layer stress vector in the fiber coordinate system is:

where

{op)

o)
{GL)

IT)

(‘x,

[61) {T] {ex) (A-102)

Layer stross vector in the filber coordinate system.
Stress-strain matrix in the fiber coordinate system.

Transformation matrix to transform strains from element
coordinate gystem to fiber coordinate system.

Layer strain vector In the element coordirate system.

For 2lement teuperature &nd/or thermal gradients, the strain wvecter

has to be corrected for thermal effects before applying Equation A-103:

(Cx)

le;} « (a) (T + 2T') (A-103)

and for thermal momeats

vhere

{eg)

leg)

{a)

1"

te, 27

«»

Ase

(‘x? - (Cx’T A {A-104)

Mechanical strains.

Thermal coefficients of expansion in the elemert coordinate
system.

Element temperature.
Element thermal gradiert.

Listance from the middle of the layer to the laminate
reference surface.

ieyey msrrains due to thermal moments {n the slement coordl:
nate Eystem.




The thermal strain vector due to applied thermal moments is determined
by substituting for (M} in Equation A-73 and solving for the reference surface

strains and curvatures, [cTn} and {KT}, respectively.

A.9.3 Interleminar Shear Stresces

The interlaminar shear stress fyz, fxz c&n be computed at any ply

interface from Equation A-96.
A.9.4 Force Resultants
Forces and moments for the element are computed using:
N
(F} = 1§1 (ox) Ty
i=1, K (No. of layers) (A-105)
N
(¥} = i§1 -z3Ty (oy)
where
{F} = 1In-plane force resultants.
(M} = Out-of-plane moments.
{og) = Stresses in the element coordinate system.
Ty =~ Layer thickness.

zy ~ Distance from the middle of the layer to the laminate
reference surface.

A.9.5 [Fallure Indices

Fallure indices assume a value of one on the periphery of a failure
surface in stress space. If the failure index is less than one, the lamina
stress is interior to the periphery of the failure surface and the lamina is
assumed *safe” and i{f {t is greater than one the lamina is assumed to have
*failed.® The failure indices represent a phenomenological fsilure eriterion,

because only the occurrence of failure is predicted.

The analytical definition of a failure surface in stress space for a
lamina subjected to biaxial (planar) states of stress is provided via the
following failure theories.
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(1) HILL
{2) HOFFMAN
(3) TSAI-WU
(4) MAXIMUM STRESS
(5) MAXIMUM STRAIN

In the analysis of laminated compositas, which are typically eorthotrepic
materials (possibly exhibiting unequal properties in tension and compressicn),
the strength of orthotropic lamins is & functlon of body orientstion relative
to the impored stress. In order to determine the structural integrity oif the
laina, & set of intrinsic strength properties {(allowable stresses or &llowa-

ble strains) in the princlpal material directions are defined as:
Yo om Ultimate unlaxial tensile strength in the fiber directlion,

Xe = Ultimate uniaxial compressive strength in the flber direc-
tion,

Yy = Ultimate uniaxial tensile satrength vperpendicular to zghe
fiber direction,

Yo = Ultimate unlaxial compressive strength pevpendicular to the
fiber direzction,

S - Ultimate nlanar shear strength under pure shear loading,
E¢ e Ultircare unmiaxial tensile strain in the fiber direction,
Foo - Ultimate uniaxial compressive strain in the fiber direction,

Fo o Uleimate uniaxial tensile strain perpendicular to the fiber
direction,

Fo o Ultimates uniexial compressive strain perpendiculsr to the
fibey Aivection, and

Eg = Ultimate planar shear atrain under pure shear loading.

Fur most coupnsite msterials, the plener ghesr strengths and strains

ave erusl for pesitive and nsgatlve shewr Joadings.

The f£ive fallure theovles and 2 bonding fallure fndex are mow do-

Reribed:




HiLLLS _THEQRY
02 02 o.0 72
b 4 -2 - ~bd 4+ A2 « FAILURE INDEX (FI) (A-106)
x? ¥2 x2 g2

anc X~Y¢ {f o) is positive, and X, 1f o) is negative; siailarly for y. F¥For
the interaction term, (01”2)/X2. X=Xy 4f 0197 48 positive K=K, otherwize.

HOETMAN'S THEORY

] ' o? o2 r2 g.0
Xe X Yo Y XeXe  Ye¥e 52 KXo
Nete that this theory takes into account the difference in the tensile

and compressive allowable gtresses by usiry linear terms in the fallure
equation.
TSAL-WU_THEORY

This quadratic interaction theory allows for the strength predictions

vherein interaction among stress cowponents c¢sn be considered in determining

strengths In a biaxial £ield. Thus, in the cuse of an orthotropic lamina in a

genexral state of planar stress:

L)

2 2
Fioy + Fgop 4+ Fyjoy + Fonopy + 2Fy1p030p + Fgeriza = FI (-108)
F, = & -3, F -3 .L
' Xe X Ye Yo
1 1 V' 109
F“ "~ - e o E’\ e . . F -
11 X X, 22 VoY, ' 66 52
Howeveryr,

and Fj2 needs to b determined experimentally, from » biaxis® test.

satisfoctory resulcs may be obialned by setvig 4t vo zero.

Fallure 4s masumed to cccuy when any one of th  &tvess compounents s

equal to {ts correspending {iirineic strangth property. In mathematica’® roru,

the Maximum Stress theovy s glven by



o) LAy, 03 >0 , o3 S R, 03 <0
o2 2 ¥¢, w2 >0 ; 035 Y., 090 (A-110)
ri2 2%, r32 >0 ; 715 88, 7120 <0

where the intrinsic strength propervies are as defined previously.

HoXIHUM _STRAIN

The Maxinum Strain theory is analcgous cvo the Mexioem Stress theory.
Fallure is assumed to result when any ons of the strain componentx {s sgusl to
its corvesponding intrinsic mltimste ntrain. In mathematica® form the Maximum
Strain theory is given by:

ey & Ep, e >0 «¢: £E,, ¢ <0

€ 2 Fp, ¢2>0 ; 3 5F,, €20 #-111)
712 2 Bgy vi2 2 05 gy = Hg, 12 <0
where the Intricsic ultimate strains are as defined previously.
EoILVEE TNREX. OF LONDING
The Jfallure dudex of bouding smarerial is calculated s “he maxlwaw
interlaminas shear stress divided by the allowable bonmuing stress,
A.l0 COMRECTION OF QUT-OF-PLANE SHEAR SYRAIN

The typical forwulation for @ QUAD4 rype finlte elament fellows a
standard bilineay Isoperametric theory, with dirertionsl redvced fntegration
for cut-of-plave shear straln. Haowever, this form. latien ez been found <o be
inadequatre when the geometzry of the element s drregnler, and & coryection

gefined hereln bhas been fmplenmented In ASTROS to corxrrest this nreblen,

The wodification is based upon the thecry preseuvec by Hughes and
Tezdayar (Refexei e A-1}), bdut is generaiized tu Inciude non-pisnarivy eof the
element, sand special features to at&mﬂmm&mtw ASTROS '8 structure. The formula-
rion enforres consrant abear aloapg sach odpe of the eierent, alininating the

need to perieorwm reduced integretfon.

The form:lation of this mcdificerion cowlots of estahlishing straln
£

dlsplacenent yvelavionshivs in the slemesrt coordinate system. It fnvo
degrees of frredom (Acf), the yvotatiensl psrt of which will be modified laver

to include the sinpular.ry about the normsl ve the mid su Yace



A.10.1 Geometric Variables

The following terms are dsfined for each edge of an {irregular-shaped,

non-planar element:

A Unit Normal Vector ( € ) in the direc-

tion of the next node a&s i{llustrated;
83

A Unit Normal Vector ( T ) which is a
rormalized average of the nodal normals

to the mid-surface along that edge;

length of each edge (hy): and cosine of the internal angle at each

corner (ai).

A.10.2

Given the following numbering sequence:

At the middle of each edge, the constant shears parallel to edges a, b, c and

—

d, respectively, are:

58



b

- - B -* -
B. — A-ny - (U - Ug) - % ep (fy, * 840

o> - -

B - Aoy - (Ug - W) - Doy (fg + 9y
hy 2
(A-112)
- - IS - - -
B = *ome - (U, - Ud - & e (9 2 $c)
c L9 2

-

% :;d (e + .;d)

- Y -
ga - g«l—‘na (U - Uy

(38
- -
where w ana # are the vectors of vranslations end rotations at each mode,

respectively, in the lament covrdinste system.

The sheir wvector (§o) at wode (b) 45 given by:

S T e (g + (g_‘m,)eb 4 i LY O O ,@b)e& {A-113)
D a 2 & i

1-nl 3 -a

or
.
- e - -y - s - -8
Tb - 'z;““%;;“(ea+"h@b)(“ﬂ'vn)}”iz;“'gtf"{“m*“bﬁb?(na'Ub)}
- LS
L b a o . b &
[ . > ~ - e o - R
i.( .m.jg\. e {ep g g ) (T Ug) ! P W-N‘%mw {eyvapmgtom, Ua)
{1-0?)h (1-a?3ky,
b b ' - b ! ‘
(h-114)
- -y 4 3

- . )
- !“““&‘““(en*“b*b){*&‘ga§

12(8-073

"3

g,“.i.;‘ e apEp (e, g {aptop e, Y (e, #1) g
1241 mb) b
? Ce ]
!“‘“ e {eptape g3 ey ) !
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and similarly for the other des, by permutatisns of the a, b, ¢ and 4

subscripts.

A.10.3 QNodgl Contributions of Shear Strain
The contribution of each node to the total shear strain (;T) evaluated
at an integration peint is:

- 4 -

] o= 5 N (A-115)

The "pseudo-contribution® of each edge to the total shear strain (G) has the
following form:

- N - - N -+ -
G = —8- (eg + agey) + 2o (o4 + opep)
a 1.a2 1.'&‘
L} !
N N - - N -t -
G - ""'"b'; (e, + apey) + —_ (2 + ageq)
b l-a* 1-a2
b d
(A-116)
- N . e N -y -4
LT -3 fe. + aceqy) 4 - (e, + agey)
. 9
[ 1-af l-a¢
[ [ 4
s N . - - I - -~
G, = —% (e 4 apr,) =8 (eq4 + agep)
d l-a 1l.a
a c

Hence, the columns of the B] matrix partitisn for shear, corresponding to

vode b, [BSy), are:

. 1
wmia n - g -
{BSpy) = R Gy - b Cy,
ba by {-1.2.3
(A-117)
— g;q\ - ‘g(;l - 4 j“"t«‘,:‘,é)
(BSpy) = 8 Gy o X Gy

AL10.4 Jransfermaiionus

The following transforvasclons heve to be poriormed before the preced

teving [B) matvlx geopsravion for out of:

tng fovmulatien can replace the a-x !

plane shear.




where

[T1E]

()

[TE]

- — (1] o
(TT5)sy B8y {7 A ’ (A-118)

- Is the orthogensl transformation between {utegration

points and the element coordinate wmys em, rTeguired
since &1l the strains are calculated in rhe 1 aysttu,

- Is a 3x2 ddentity matrix.

- Is the 3x3 transformation which taxes into accourt the

following facte

{&; Hughes’ econvention for rotations is dillerent than
the one iwplemented in S5TROS; and,

(B) The rotatiocn about the woernal to the wid-surfa-e
at each grid point ir elngular.

If NV is the wormal wevs t ut a given grid point, -hen.

0 w3 w2

[TEE]. = w3 o el | (a-119
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GUIDELINES FOR MODELING WITH QUAD4 (TRIAZ; BELEMENYSZ

ASTROS (an Automated STRuctural Optimizatiorn System) and four versions
oi NASTRAN (COSMIC NASTRAN, UAI NASTRAN, CSA NASTRAN and MsC NASTRAN) provide
QUAD4 and TRIA3 elements for the analysis of plates. They are basically flat
plate elements, but they are of.an used for shell wstructures as well as
approximations. These approximations becowe cleoser to reality with a finer
mesh size. Much of the discussion in these guidelines is with reference -
the QUAD4 element, but comments are equally appiicable o the TRIAI element,
The original QUAD4 formulation in programs ASTROS, COSMIC NASTRAN and UAT
NASTRAN ieg just about identical, and differences (if any) &re the result of
subsequent revisions. MSC NASTRAN and (SA NASTIAN are different, but never-
theless all five programs give comparable results for most well posned
problems. Also the input requirements and the card structure are guite
compatible in all five cases with miner Jdifferences in interpretaiion. The
purpose nf these seminar notes is to explain varionsg QUAD4 modeling options
and to point-out the differences in the five progiers. An explanation of the
input parameters on the various card: is corsidered the easiozt way o
accomplish this objective.

The QUAU4 is one of the most extensively used elements in NiY RAN as
well as ASTROS. It is a very versatile element and can be used to medel a
variety of plate simulations such as (see Fig. 1.

Membrane (inplane lcading) behavior

Bending (out of plane loading) behavior
Membrane-bending (uncoupled)

Membrane-bending (coupled-linear)

Laminated plates

Layered composites

Sandwich plates with metal face sho s

Sandwich plates with layered composite face s. ets
Isotropic materials

Anisotropic (including orthotropic) materials

s adite R 1o lE o 31 2 o A o Wi o 2 1}

Applicaticn of the QUAL4 is often confusing becaus of the many opticns
available for its use.

There are five cards which describe the inpt . jp.raeters for the QUALY.
They describe its gecmetry and properties alony w.th some arxi'iary informa-
tion,

Geometry and Property Cards

CQUADY - Connection card
PSHELL - Property card for homogeneous and randwich pl'utes
PCOMP
or
PCOMP1* - Property cards for laminasce. . layered plates
or

PCOMP2*




Material Cards

MAT1 - Isotropic materials

MAT2 - Anisotropic materials

MATB - Orthotropic materials

FLOAND4 - Pressure load definition on the QUAD4 element

The properity cards PCOMP1 and PCOMP2 are not spplicable to MSC WASTRAN.
¥or a given element either the PSHELL or PCOMP card is applicable but not
toith., PSHELL cards are for homogeneous {nonlaminated) and sandwich plates
with nonlayered face sheets. PCOMP cards are for laminated (layered) plates.
In the case of wmandwich plates with layered face sheetg the honeycoab
{(sandwich) core will be treated as & laminate or layer.

A pupplementixry explanation of the parameters on each of these cards
should aid in understanding the modeling nuances of the element.

Notes on the CQUAD4

The format of the CQUAD4 is the same for all the NASTRANS and ASTROS
withh the exception of an additional parameter "TMAX" (field 3 on the
continuation caxd) in ASTRCS. "TMAX" is the maximum allowable thickness of
the plate, applicable only in optimization.

The definitions cf the parameters in fields 2 to 7 are self explanatory
and need no further clarificaticn. Similarly no additional explanation is
necessary for the thickness parameters specified in fields 4 to 7 on the
continuation card. However, the parameters TM (TKETA) and ZOFF need a
supplementary explanation or caution.

Parametey TM (THETA)

The parameter T™M defines the material property orientation. There are
two options for this definition.

Option 1:

Define the angle between the side of the element (connecting Gl and G2)
and the material axis. This is the least desirable opticn. It is vone to
errors, because every time the sequence of the element ccnnection changes,
the angle must be changed. Also in a complex three dimensional mo.tel it is
not easy to determine this angle without writing a pref rocessor.

Option 2:

The integer option is preferable. An integer i= field B refers to a
separate coordinate system for defining the orientation ¢f the material axis
of the element. The material property definition is now independent of the
connection sequence. The new coordinate system r an be defined with & CORDZR

card.

Offset Parameter ZO (ZOFFS, ZOFE)

The of fger parameter provision in the QUAT4 elewmert constitutes a sioni-

ficant enhancement for plate elements. Refore the QU-w the grid points of
the structure counld only be definec on the mid surtacs of the plate elements.
The Bar (beaw o bend! was the only other elenent wit' an offserv capability,
Hewever, some o the mass elements have the offret Capatidity.




The offset, 20, is shown for various cases in Fig. 3. Note the
distinction between the grid point surface and mid-surface of the element.
The definition of the offset 20 on the CQUAD4 is the same in all four
NASTRANS and ASTROS. The offset implementation in COSMIC NASTRAN and ASTROS
appears to give more consistent results than MSC and CSA NASTRAN, See
Reference Al for results on the benchmarking of offsets.

Notes on PSHELL

PSHELL or PCOMP are the property cards referenced on the CQUAD4 (in
field 3). The PSHELL is to be used when the plate is not laminated (or
layered), while the PCOMP is for laminated plates. Only one of these is
applicable for a given element. A preprocessor in NASTRAN (ASTROS) generates
equivalent PSHELL cards from the PCOMP cards before proceeding to the solu-
tion. NASTRAN (ASTROS) provides versatility to the QUAD4 element through the
PSHELL card. It allows the modeling of membrane (inplane), bending, shear
and membrane-bending coupling behavior. Fig. 2 illustrates key features of
the elements described on the PSHELL card. It is a sandwich plate with two
face sheets separated by a honeycomb core.

The first two fields of the PSHELL card are for the name and property
identification called from the CQUAD4. The third field, MID1, is the
material identification number for the face sheets in membrane behavior. The
parameter T is the total thickness of the two face gheets. MID2 is the
material identification number for bending behavior, MID3 for shear and MID4
for membrane-bending coupling. There are two types cof membrane bending
coupling. The coupling resulting from asymmetry in plate construction (non-
symmetric laminates) is called linear coupling. Nonlinear coupling, on the
other hand, is a result of the interaction of internal forces such as inplane
and out of plane (beam-column effect) forces. The latter coupling can be
accounted for only in differential stiffness and/or buckling analysis. The
parameter 12I/T’ (field 6) can be calculated by using the following defini-
tion for I.

Nl

524

I is basically the moment of inertia of the face sheets about the neutral
axis (centroidal). It is assumed that the face sheets are symmetric about
the neutral axis. If they are not, the moment of inertia about the neutral
axis can be calculated. For solid plates this parameter is simply 1.0

The definition of the parameter TS/T is obvious from the figure.

No further explanation is necessary for the parameters in the next three
fields, NSM, Z1 and Z2.

The parameters MCSID and SCSID (not available in MSC and CSA NASTRAN)
refer to the material coordinate system. As stated in the description of the
card CQUAD4 there are two options for this definition. By leaving the field
blank or a real value the first option is invoked. In this option the
parameter represents the angle between the side of the element connecting the
grid points Gl and G2 and the material axis. The second option is an integer
which refers to a coordinate system defined on a COORD-card. The second
option is the most desirable because the grid point sequence on the CQUAD4
card does not affect the material axis.
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The offset parameter ZO is the same as defined on the CQUAD4 (See Fig.
3). An important point to note is that there is no provision for the offset
definition on the PSHELL card in MSC and CSA NASTRAN. There is some
advantage in having this option on the PSHELL, because when the number of
PSHELL cards is significantly fewer than the number of CQUAD4 cards, this
parameter need not be repeated on all the CQUAD4 cards. The entry on CQUAD4,
however, overrides that on the PSHELL card.

The PSHELL card provides the facility to model homogeneous as well as
sandwich plates. However, the face sheets of the sandwich plates are assumed
to be homogeneous (isotropic, orthotropic or anisotropic) plates. A
discussion of sandwich plates with face gheets made of layered composites is
differed until the PCOMP cards description. The minimum thickness parameter
TMIN is applicable only in ASTROS optimization.

Bzfore leaving this discussion, it is worth pointing out some anomalies
(idiosyncrasies) (as they exist at present, Feb 193%3) in the application of
the PSHELL card in various versions of NASTRAN (ASTROS).

Specifying MID1 and leaving the remaining three material identifications
blank simulates the membrane behavior in all five programs with little or no
differences to point out.

Specifying MID2 only invokes bending behavior only (as it should be) in
MSC NASTRAN. It does not compute shear deformation. CSA NASTRAN on the
other hand includes shear deformation, ostensibly with the material proper-
ties invoked by MID2. ASTROS and COSMIC NASTRAN go even further by including
membrane, bending and shear deformations even though only MID2 is specified.
Membrane and bending behavior are computed by the material properties called
from MID2. This is not so bad, .because these two behaviors are generally
uncoupled. The most important point to note is that ASTROS (COSMIC NASTRAN)
computes the shear deformation by assuming a material infinitely stiff in
transverse shear when the MID3 field is blank. These results are, in
general, not acceptable. The easiest way to avoid shear stiffness over-
estimation at present is not to leave MID3 blank when MID2 is specified. See
results of the examples at the end of this Appendix. Future versions of
ASTROS and COSMIC NASTRAN will uncouple these computations.

Notes on PCOMP, PCOMP1, PCOMP2

The purpose of PCOMP, PCOMP1 and PCOMP2 is to define element property
parameters in modeling laminated plates including layered (fiber reinforced)
composites. All three cards serve the same purpose except the options are
different. If the layers are made of different materials and the thicknesses
of the layers are all different, then the PCOMP card is appropriate. If all
the layers are made of the same material and thickness, then PCOMP1 is
appropriate. If the material is the same, but the thicknesses are different,
then PCOMP2 is appropriate. The first two fields on the PCOMP cards need no
further explanation.

Parameter Z@

The parameter 2@ refers to the distance from the grid point surface to
the bottom of the plate. The plate bottom surface is defined in Fig. 4. It
is the reference surface from which the stacking sequence of the laminates
is defined. The parameters 20FF defined on the (QUAD4 and PSHELL) are a
source of confusion sometimes. However, figures 3 and 4 should provide
better clarification.
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Parametexr SBOND

The bonding material shear stress is indirectly related to the
interlaminar shear and its value is generally empirical. A wvalue of 400 to
500 psi for SBOND appears to be reasonable in the absence of a value obtained
from experiments. Any approximation of this parameter will not affect the
analysis results. It affects only the failure theory which is basically a
postprocessing function.

Parameters FT (Field 6)

This parameter simply identifies thn desired failurc theory. 'The five
failure theories are discussed in detail 3in the thezoretical secticn of the
QUAD4 seminar notes. The possible values of FT are:

*HILL" for the Hill Theory

"HOFF" for the Hoffman Theory

"TSAI" for the Tsai-Wu Theory

"STRESS" for the Maximum Stress Theory
"STRAIN" for the Maximum Strain Theory

Parameter LOPT

This parameter description needs no further explanation than what is
given in the PCOMP card descriptions. It should be pointed out, however,
that no parameters are in fields 7 and 8 in COSMIC NASTRAN, while MSC and CSA
NASTRAN define "TREF," a reference temperature for thermal stress analysis
and "GE" the material damping coefficient for dynamic analysis.

Parameters MIDi, Ti, THi, and SOUTi

These parameters pertain to the ith 1layer. MID1 is the material
identification number of the first layer. The layer count goes up from the
bottom surface of the plate. For the definition of the bottom surface see
Fig. 4 for the definition of 206. The MIDi refers to one of three material
cards: MAT1 for isotropic materials, MAT2 for anisotropic materials and MATS
for corthotropic materials. The parameter Tl defines the thickness of the
first layer and TH1 refers to the orientation of the material axis with
reference to the material axis defined on the CQUAD4. SOUT1 is the stress
output parameter. Then the parameters are repeated for all the layers unless
the symmetry option is used under the parameter LOPT. If any MIDi, Ti or THi
are blank, then the last non-blank values specified for each will be used.

Material Cards

Isotropic & Anisotropic

The parameters on MAT1 and MAT2 are self explanatory from the card
descriptions. ’

Orthotropic Material MATS

Most of the parameters on MATB are self explanatory with the exceptions
of G1Z and G2Z (fields 7 and 8). When these parameters are left blank, MSC
NASTRAN and CSA NASTRAN do not calculate the transverse shear deformation in
plate bending problems. ASTROS and COSMIC NASTRAN, on the other hand, assume
that the material is infinitely stiff in transverse shear, and thus over-
estimate the stiffness of the element. To avoid such overestimation and to
obtain comparable results to the other NASTRANS, transverse shear values have
to be provided. Values of about two or three orders of magnitude less than
the modulus of elasticity of the material are recommended.

71



These guidelines and the accomparying exanr.les should clarify most of

the questicnes arising in the use of the QUADa and TRIAZ elements.
REFERINCE

1. Ppitxof, Srtephen M. and Venkayys., Vipperls B., Benchmarking the
QUAD4/TRIA3 Element, Twenty-Efivet MNRESTIAN User’s Colloguium, Tampa FL,

April 1993,
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INPUT IS PROVIDED

PROBLEM #5
RECTANG!LAR PLATE

SYM

L

FIGURE 5

A finite element model of 1/4 of a rectangular plate is shown in Fig. 5. The
length of the plate is 2 or 10, the width is 2, i.e. Aspect Ratios (AR) 1.0
and 5.0, and the thickness is ,001. The material properties are given as
E=1.7472x10 and w0.3. The plate is subjected to two loading conditions

and boundary conditions for each aspect ratio as follows: ‘

4

CASE 1: Clamped Supports. Concentrated load of P = -4,0x10” ' at the center

of the plate.

4

CASE 2: Simple Supports. Uniform pressure load of q=10"" over the plate.

Convergence is studied by varying the mesh size. Input data is given for a
6x6 mesh., Theoretical results for the lateral displacement at the center of
the plate are given in Table 2.

CASE 1 CASE 2
AR = 1.0 | AR = 5,0 AR = 1.0 JAR = 5.0
5.60 7.23 4.062 12.97
TABLE 2
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Example Ad4:

Oy e

The plate is modeled as a sandwich plat? with composite face
sheets and a honeycomb core. The thickness of the core is 2in.
Two cases are considered. In Case 1 the MATH entries GlZ and
G2Z are not specified. In Case 2 G122 and G2Z are given the
value 4.0X1C’psi.
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Z DISPLACEMENT (<.%%) AT THE CENTER OF THF ‘LATE

o -

NASTRAN

2D ONLY

MID! MIL WND |

A3 SPECIFIED

e e

OSMiC

7324

T85>

p—

MSC

27,343

-7.683

CSA

-7.63¢

7.6

ASTEDS

-7.322

L L7580

EXANMDTL L &1: QV AT - MID SPECIFICATIONS
rdetal Forogereo s “Juminum

TER OF THE PLATE

ZDISPLACERMLY T THE G
S —
FACE SHEETS AND
CORE HAVE THLE SAME
MATERIAL PROP

- 00194

CORE MATEM AL
G=10X 10°

CORE MATERIAL

ASTRA™ . .
NASTRA E=2¢Xi0% C=10X 1¢°

S

COsMIC -.0150

-.0150

- 0150

- 0150

NSO 000193

USA i 000162 -.0150 -.015G

-.0150 - 0150

- M3

'l A;\']R(;\mw

EXAMPLE A2: QUADS SANDWICH - BONEYCOMB PROPLERTIES
Sandwich Plate Isotropic Face Shaets

&

1 e LSBT AR A L 12 13 0he e S £ W A °
N B RS L R R T N L ey T ]



Z DISPLACEMENT (x10°%) AT THE CENTER OF THE PLATE

NASTRAN NOGiZ,G2Z G1Z=G2Z=4.0x10°
COSMIC -.803 -1.071
MSC -.838 -1.074
CSA -.945 -1.029
ASTROS -.831 -1.071

EXAMPLE A3: QUAD4 - SHEAR - G1Z, G2Z SPECIFIED

Composite Solid Plate

Z DISPLACEMENT (x10°%) AT THE CENTER OF THE PLATE

NASTRAN NOGIZ,G2Z G1Z=G2Z=40x10°
COSMIC -.199 -2.691
MSC -6.464 -6.526
CSA -5.067 -5.109
ASTROS -173 -6.531

EXAMPLE A4: QUAD4 - SANDWICH - COMPOSITE FACE SHEETS
Composite Sandwich Plate with Honeycomb Core
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APPENDIX B: SAMPLE PROBLEMS
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PROBLEM
NUMBER

ln

2

84

10

11

12
13

14

QUAD4 SEMINAR

APPENDIX B

SAMFLE PROBLEMS

DESCRIPTION

PATCH TEST FOR PLATES

STRAIGHT CANTILEVER BEAM

CURVED BEAM

TWISTED BEAM

RECTANGULAR PLATE

SCORDELIS-LO ROOF

SPHERICAL SHELL

COMPOSITE PLATE - PURE TWIST LOADING
COMPOSITE PLATE - UNIFORM PRESSURE LOADING
OPEN COMPOSITE TUBE

STRAIGHT TEAM TEST - SIMULATION OF EQUIVALENT
ISOTROPIC PROPERTIES. LAMINATE CONFIGURATION
0/0/0/0.

COMPOSITE SHELL ROOF MODEL

COMPOSITE RECTANGULAR PLATE

COMPOSITE SANDWICH PLATE

PAGE
NUMBER

B3
85
86
87
88
8BS
S0
o1
92

83

94
96
87

99

* Problems 1 through 7 reference isotropic material and are defined in the
MSC/NASTRAN APPLICATION MANUAL, SECTION 5.

+ Problems 8 through 12 are provided by UAI/NASTRAN.

81




B.

1

PROBLEM DESCRIPTIONS



INPUT IS PROVIDED

PROBLEM #1
PATCH TEST
v¢ b N
ls |
1?"
3
4 K}
s 4 2
5
2
p 1 1 x_
5 e
FIGURE 1

A model of a patch test for plates is shown in Fig. 1. The length of the‘

plate is .24, t
the inneg nodes
E=1.0x10" and v
the following ¢

he width is .12, and the thickness is .00Y. The location of
is given in Table 1. The material properties are given as
=0.25. Displacement boundary conditions are specified for
ases:

CASE 1. Membrane Plate
u = 10 3(x+y/2)
v = 1073 (y#x/2)
CASE 2. Bending Plate
W= 1073 (Baxyy®) /2
0, = 2 = 107 (yx/2)
6 = . - 1073(-x-y/2)
Y X
The theoretical solution for Case 1 is given by
€y €y =Y = 1073; o, - 0, = 13335 T, = 400.

83




The theoretical solution for Case 2 is given by
Bending moments per unit length:

C o = -7 <
mx = m‘y =1,111x10 *, mxy = 10

surface stresses:

= 0 - . T =
0, = O, = $.667; T, = +.200

COCATION OF INNER KODES
NODE X Y
1 .04 .02
2 .18 .03
3 .16 .08
4 .08 .08
TABLE 1
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INPUT 1S PROVIDED

PROBLEM #2
STRAIGHT CANTILEVERED BEAM
AIY
N\
Jt 3 5 ? ° T 13
¥—>-X ! i ] 1 | |
N 3 & 10 2 4
A a) Regular Shape Ciements
§ ‘s. A A ‘s.
N N\ Z AN 4 AN |
§ b) TYrapezoidal Shape E‘Iofnts
A‘st

pd Z 4 Z 4 I

N

¢} Parallalogran Shape Elemants

FIGURE 2

A finite element model of a straight cantilevered beam with rectangular,
trapezoidal and parallelogram shape elements is shown in Fig, 2 (plane view).
The length of the beam is 6, the7width is 0.2 and the depth is 0.1. The beam
has material properties E=1.0x10" and v=.30. All the elements have equal
volume., The beam is subjected to 4 loading conditiors as follows:

CASE 1: A unit force is applied at the tip in the X direction. (Extension)

CASE 2: A unit force is applied at the tip in the Y direction.
(In-plane shear)

CASE 3: A unit force is applied at the tip in the Z direction.
(Out-of-plane shear)

CASE 4: A unit force is applied at the tip in the +Z direction. (Twist)

The theoretical solution for tge displacement at the tip in the direction of
the load for Case21 is 3.0x1077, for Case 2 0.1081, for Case 3 0.4321 and for
Case 4 ,03208x10 .
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INPUT 1S PROVIDED

PROBLEM #3
CURVED BEAM

90°

FIXED

FIGURE 3

A finite element model of a curved cantilevered beam is shown in gig. 3.
The inner radius is 4.12, the outer radius is 4.32, the arc }s 90~, and the
thickness is 0.1. The beam has material properties E=1.0x10" and v=0.25.
The beam is subjected to two loading conditions as follows:

CASE 1: A unit force is applied at the tip in the +Y direction.
{In-plane shear)

CASE 2: A unit force is applied at the tip in the +Z direction.
(Qut-of-plane shear)

The theoretical solution for the deflection at the tip in the direction of the
load for Case 1 is .08734 and for Case 2 is .5022.
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INPUT 1S PROVIDED
PROBLEM #4
THISTED BEAM

Y\/X
W,

) it i S— : e WOk VNN VN WS VST %
[ s s -
!

"F1xen

€0

FIGURE 4

A finite element model of a twisted beam is shown in Fig. 4, The lenath of
thg beam is 12, the width is 1.1 and the depth is .32. The beam is tgisted
0% from reot to tip. The material properties are given as E=29.0x10" and
v=00,22, and the beam is subjected to two loading conditions as follows:

CASE 1: A unit force is applied al the tip in the +X direction,
(In-plane shear)

CASt 2: A unit force Vs applied at the tip in the -Y direction,
(Qut-of-plane shear)

The thooretical solution for the deflection at the tip in the direciion of the
load for Case 1 is .00%424 and for Case 2 is .001754.




INPUT IS PROVIDED

PROBLEM #5

RECTANGULAR PLATE

SYM

pow e guman, — g G

o

W QNI NN S P
(7]
—C
=

FIGURE 5

A finite element mode! of 1/4 of a rectangular plate is shown in Fig., 5. The

length of the plate is 2 or 10, the width 1s 2, i.e. Aspect Ratios (AR) 1.0

and 5.0, and the thickness is .,001. The material properties are given as

E=1.7472x10 and w0.3, The plate is subjected to two loading conditions

and boundary conditions for each aspect ratio as follows:

CASE 1: Clamped Supports., Concentrated load of P = -d.()xlO"4 at the center
of the plate.

CASE ¢: Simple Supports, Uniform pressure load of qle“Q over the plate,

Convergence 1s studied Dy varyinag the mesh size., Input data is given for a
Ext mesh, Theoretical results for the lateral displacement at the center of

ey

the plate are given an Table 72,

 CAsTy Ty —CRCE T
—m L T -

. R AR
g .60 7.23 4,067 1¢.97

TARLF 7
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INPUT 1S PROVIDED

PROBLEM 6

SCORDELIS - LO ROOF

FIGURE 6

A model of a Scordelis-Lo Roof i.e. a singly curved shell, is shown in Fig. 6.
The roof has a radius of 25', a length of 30', andza thickness of 0.25'. The
material properties are given as E=4.32x10" 1bs/ft™ and v=0.0, T?e roof is
Toaded by its own weight, and the weight of the roof is 90 lbs/ft®. Only 1/4
of the roof is modeled, Symmetry boundary conditions are imposed on the
interior edges and U =U_=0 on the curved edges. Convergence is studied by
varyirg the mesh sizh, “Input data is given for an 8x? mesh, The thecretical
sclution for the midside vertical displacement is ,3080'. A value of .3024°
was used for normalization of the results.

Reference:  Zvenkiewicrz, 0.C., The Finite Flement Method, Third tdition,
McGraw-Hitl Book Co, (UK) Limited, pp 349-351,




INPUY AND OUTPYT ARE PROVIDED

PROBLEM #7

SPHERICAL SHELL

Srx

{on guadrant)

X/ 52,0 (on quadrant)

FIGURE 7

A model of a spherical shell, i.e. a doubly-curved shell, is shown in Fig., 7.
The shel’ has a radius 9f 10 and a thickness of 0.4, The material properties
are given as £=6.825x1G" and v=0.3. The shell i3 subjected to conzentrated
forces as shown in Fig, 7. 0Only 1/4 of the shell is modeled and symmetry
boundary coaditions are imposed on two sides. In addition the * node is
constratred in the 7 direction, Convergence is studied by varying the mesh
Inpat and outut are given for an 8x8 mesh. A theoretical lower bound
in the case where the hole at the
L0940 was used for normalization

CYie,
tor the radiatl deflection at the center
certer 14 not present ts 0924, A value of

of tne resulls,

LD, and AL) L doreis,
‘ : AN TN R L
Poyat Barcrate Fstab i shaent Beport, London,

L Theory,

.
S

Conflict Between Finite Elements
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INPUT 15 PROVIDED

PROBLEM #8
REGULAR SYMMETRIC CROSS-PLY LAMINAYE

FIGURE &

A composiie square plate of Jength 5 modeled as a symmetr o cross-ply laminate
[0, 90, 0) with four elements is shown in Fig, &, The thickness of eagh ply
is L02222, The m:teriaz)l proparties are given as £,=2.0xlu’, E,=5.0x107,

V.o ,=0.2% and ’\'a‘“_,,rszgﬁxwD and are the same for wach ply. Three“corners of the
p*éte are pinned and a unit foprce in the ~7 direction is apnlied at the free
corner to simulate ¢ pure twisy loading. 1§e theoretical solution for the 7
deflection at the free corner is -3.750x1077, Theoretical results are also
given for T for tie element crontIining the free cuorner 1n Table 3,

LAYER }_ T ]
1 1.50.0
? 9.U
3 50,0
TARLE 2
G

AR NI SN RS AR SN e



INPUT TS PROVIDED

FROBLEM #y
REGULAR SYMMETRIC UROSS-PLY LAMINATE

£ V0 15 20 2h

e -
| 4 ) lo g

4 o) V4 |2 24
10 i\ 2 13

3 8 13 19 23
& 7 8 ©

2 v 12 17? 2 e
o 3 4 5

N 6 ) \& el

FIGURE 9

A guarter model of 4 composite square plate modeled as a symmetric cross-ply
lTaminate is shown in Fig. 9. The length of each side is 1.0, and the thick-

ness of egch piv is .000666. The material preoperties are given as EK=2°OX107’
=h ,0x10°, V,,=0.25 and 5..72.5x10° and are the same for each ply. *The full

pfate is simp?§ supperted éﬁd is subjected to a uniform pressure load of
~1.0x107 The finite elemcnt model contains 25 nodes and 16 elements, The
theoretical solution fer the I deflection at Grid 25 {center of the plate) is
-1.836x10 ., Theoretical results are also given for the stresses in lavers 1
and 3 in element 17 in Tahle 4.

O,

58.6 1.8

TABLE 4




INPUT AND OUTPUT ARE PROVIDED

PROBLEM #10
COMPOSITE CYEN TUBE

e
LT ®
R
»--"“"d - . B
L-—;:*‘:::;;:]::TR\\ \ M
,.——-;“\;:\\\{ (N
B el
T [«
'~..:r_~f’_::ﬂ4//,:/)
e e, . ‘
1
= |
———1 =
b~ e

FIGURE 10

A finite element model of a composite open tube modeled with the symmetric
lay-up [45, -45, 0, 90, 90, 0, -45, 45} is shown in Fig. 10. The model
containe 144 nodes and 128 elements. The length of the tube is 80, the

radiuc s 50, and the thickness of egch layer is .24, The mate;ia] properties
are given as £,573.8x107, £,=3.75%x107, v,,=0.4, and G1q21~74x10‘. The tube

is subjected t4 a uniform p;essure Toad 6? 10.5. The'theoretical solution
for the hoop loading, FY, for element 8 is 525. Results from MSC/NASTRAN
are qiven in Table 5 for the layer stresses in element 8.

L AYER 01 o? 112
- O kI

1 2.519k¢ 1.740E] 2.273E1
2 2.494E2 1.748t] -2, 273E1
3 -2.7257E2 3.288Lk1 1,108E-2
4 ; 2.651L0 2.201E-2
5 68T ED 4 .551E7
6 3.231EY -8 BRIE-Z
/ 1.741E1 ~2. e
H 1.76001 2Le7atd

e

o N P . T T



INPUT 1S PROVIDED

PROBLEM #11
STRAIGHT BEAM TEST

LY

Ae 4 (=) 8 \0 12 |4

-

5z

2 6 \ 2 3 i | s

';,?

%1 3 5 7 ) " 3 X
FIGURE 11

A finite element model of a cantilevered beam modeled as a laminate configura-
tion [0, O, 0, 0] in & simuTation of equivalent isotropic properties is shown
in Fig. 11. The length of the beam is 6, and the thgckness of each layer is
.25. The material properties are given as E=10.0x10" and v=,3. The beam is
subjected to two loading conditions as follows:

CASE 1. A unit force is applied at the tip in the X direction. {Extension)
CASE Z2: A unit force is applied 2t the tip in the Z direction.

For Casg 1 the theoretical solution for the X deflection at Grids 13 and 14 is
3.0x107°. For Case 2 the theoretical solution for the Z deflection at Grids

13 and 14 s ,4320, Theoretical results are given for the bending moment
distribution from the free end to the cantilevered end in Table 6.

ELEMENT NO. Hx
5 2.50
4 7.50
3 12.50
4 17.50
1 22 .50
& 27.50
TARLE 6

w4y




For Case 2 results from MSC/NASTRAN are given in Table 7 far the direct layer

bending stress in element 6.

LAYER NO. o1
1 1.238E4
2 4.126E3
3 -4 ,126E3
4 -1.238E4
TASLE 7




HIT R, > 1 L] AL VYT Y T - W

INPUT AND OUTPUT ARE PROVIDED

PROBLEM #12
COMPOSITE SHELL ROOF

FIGURE 12

A finite eiement model ot a composite shell rocf modeled with the symmetric
iay~-up [AS, -45, 15, -15, ~15, 15, -45, 45] is shown in Fig, 12, The length
and radius of the shell are 25, and the thickngss of each }ayer is 03125,
The mater}gl propesrties are givgn as E1=2.0x10 » E,=0.5x107, Vv,,=0.20,
G,,=¢.5x107, and G]me, =2.5x107. The shell is sugjected to a'Oniform
sMBccure of 90.0. 'ResBfts from MSC/NASTRAN are given in Table 8 for the
rodial deflection at selected nodes.

[ GRID T

34 ~1.0662
35 -1.3441
36 -1.6074
43 ~1.3267
44 ~1.6739
45 ~2.0079

TABLE 8

Gy




PROBLEM #13

A \{ COMPCSITE RECTANGULAR PLATE

34 35 36

[
w

3i 32

25 - G 26 29 30

)7 18

w
N
&
&

FIGURE 13

A composite rectangular plate medeled with the symmetric lay-up (4%, -45, %0,
0, 0, 90, -45, 451 is shown in Fig. 13. The model contains 36 nedes and 25
elemennts. The length of the plate is 20, the width is 15, and the thickness
ol each layver i1s .0236. The material pronerties are given as 7 =17.5x10°,
E.=1.6x10% v,.=0.25, G,,=.55x10° and G,,=G,,=4.0x10*. Four variatiope of the

plate are considered.

CASE 1: The plate is modeled as a membrane subijzcred to a compression load
1 the -X direcrion at rthe X=15.0 edge

Towith bending propert bes and B0 je 1 e

CREF 2. The plate is models
< of 2 in the -2z diveorion.

uniform pressure Load




CASE 3: The plate is modeled in membrane and bending and is subject to the
inads defined in Case 1 and Case 2,

CASES 1 through 3 are defined for a static analysis, RF #1.

CASE 4: Normal modes analysis using RF #3. The first ten natural frequencies
are found,




PROBLEM #14
Y COMPOSITE SANDWICH PLATE

3 3z 33 34 35 3e
5 ‘26 2% X ) a0
- ) 20 el e 23 ad
13 14 15 1A 17 12
? B 2 10 1 'e
; *3 3 i T 6 X%

FIGURE 14

A sanawich plate with an isctropic core and ¢ mposite skins modeled with
the symmetric lay-up [45, -45, 90, 0, O, 90, -45, 45] is shown in Fig 14.
The model contains 35 nodes and 25 elements. The length of the plate is 20,
the width is 15, the thickness of each layer is .0235, and the thickness of
the core s 1. The material properties of the composite skin are ¢ en as
£,718.5x10°%, £,71.6x10°, v-0.25 and 6,,=.65x10°%, 6,,°G.,=4.0x10°. The
material propertias of the core are given as G=3.0x10°. The plate 15

subjected £ a vndfarm presoure load of 2,

ELEMENT DEFINITION

V:;; Composite Face Sheet

0.1688" ~%— -
J A | Sandwich Core
vl ! =
|
U e . oresamaen. [S—
“ ! ‘{X{ OV S NP
Fa— Composite Face Sheet




B.2 RESULTS AND COMPARISONS
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AFPPEMIX C:

CASE CCONTROL AND BULK DATA CARDS
PERTAINING TO THE QUAD4 ELEMENL




Case Control Data Card ELSTRESS

Description:
Format and Example{s):

YWIRY ¢ v
[

« Elwwent Stress Output Reguest

ELSTRESS
ELSTRESS =
ELSTRESS =

Option
SPRTI

Requests form and type of element strass output. ‘#
SPRT] PRINT EXTREME REAL ALL
. PUNCH , TETER y G Wie d{ n
HOPRINT PHASE NBNE
ELSTRESS(SPRT1, PRINT, PUNCH, PHASE) = 15
Meaning
Dutput will be presented as a tabular 1isting of elements for each load,
SPRT1 1s not

SPRT2

PRINT
UNCH

EXTREME or
LAYER

REAL or
IMAG
PHASE
ALL

n

NPT

Remerks:

frequency, eigenvalue, or time, dependirg on the rigid format.
avatlable in Transient problems (where the default fs SPRTZ2).

Output will e presented as & tabular listing of load, frequency, or time for
each element type. SPRT2 is available only in Static Analysis, Transient end

Frequency Response problems.
The printer will be the output media, iq

The card punch will be the outsut media.

Reguests stresses to be calculated st the extreme (top and bottom) fibers of

8 plate element or, for composites, the stresses for ecach layer. (See Remark 8)

Requests real and imaginary output on Complex Eigenvalue or Fregquency Response ‘1
problems.

Requests magnitude and phase {0.0° 1 phase < 360.0°) on Complex Eigenvalue or
Frequency Response problems,

Stresses for all elements will be output.

Set identification of 2 previously appea=ing SET card (Int2ger > G), Only
stresses for elemerts whose identification nunbers appear on this SET card will

be vutput.
p

Stresses for no elements will be output.

Both PRINT ana PUNCH may be requested.

Ar putput reguest Tc- ALL in Trans.ent and Frequency response problems gengrally
produces large amcunts of printout. An slternative to this would be to define a SET

of interest.

In Staetic Analysis or Frequency Response problems, sny request for SPRTZ cutnhut
causes All output to be SPRTZ.

8. 8 @

ELSTRESS 15 on alternate form and is entirely equivalent to STRESS,

ELSTRESS » WNAKE 2ilows overriding an overail request.

{Lontinued)




ELSTRESS (Continued)

if element stresses in meterisl coordinate system ave desired (only for TRIAL,
TRIAZ, QUAD] and QUADZ elements and only in Rigid Format 1), the pevameter STRESS
{see the description of the PARAM bulk data card fn Sectfon 2.6.2) should be set to
be & positive integer. If, im additfon to element stresses in material coovrdinate
system, stresses at the conneuted gric peints are alse desired, the parameter STRESS

should b2 set to 0.

When LAYER is selected, indiyidual layer stiusses and/or fatlure indfces will be
output.

The option £XTREME and LAYER 4 oniy appliceble for the QUADS 2)ement.

Oo3-18a (Bop07

it e




Cese Contro! Data Card STRESS ~ Element Stress Output Request

Description:

Requests torm and type of element stress output.

Formst and Examplels):

STRESS

STRESS = 8

§TRESS = ALL

fsorry  PRINY EXTREME  REAL ALL

NRTZ . YONTR , TRVER ™ |, RKE )i+ 4 n
NHPRINT PHASE NPNE

SYRESS{SPRTY, PRINT, PUNCH, PHASE) = 15

dption
LBRTY

SERT2

PRINT
PUNCH

EXTREME or
LAYER

REAL or
TMAG
PHASE
ML

r

NONE

Remarks:

(£33

vt W e

Output will be presented as & tabular listing of elements for sach ivad,
frequency, eigenvalue, or time, depending on the vigid format. SPRT1 {5 not
avaiiable inm Transient problems (whare the defsult is SBRT2),

Jutput will be presented a3 8 tabular Yisting of 1oad, frecuency, or time for
each element tyos, SPRTZ 45 available only in Stetic Aralysis, Transient and
Frequancy Response problems.

The printer will be the cutput mevta.
The card punch wiil be the output medis,

Requests stresses %o be catculated at the extreme {ton and bortom} fibers of
a plate element or, Yor composites, the stresses For each layer. {See Remari 8)

Kequests real and imaginary output on Complex Eipenvaiug ovr Frequency Response
prablemns.

Requests magnitude and phase {1.0° s phase « 360.09) on Complex Uigenvalue ov
Fregquancy Response problems,

Strasses for a1l elements will be putput.

Set 1dentification of a previously sppearing SIV card (integer » 0). Only
stresses for piements whose fdentification aumbers appear on this SFT card will
be output.

Suresses for no elements will be sutput.

Borh PRINT anu PUNCH may be requested.

Ar output reousit for ALL e Trangient and Frequency vesponsy problems generally
produces Targe Bmounts of prontout.
of interest,

In Static Anglysis ov Feeguency Response problems, any reguest for SERTE cetput
causes 811 output to be SBRTY.

STRESS 1 an alternate dorm nd 15 ealively ronivalent to ECBTRESS
STRESS = WEND allows overriding an overai!d reguest.

{Cortiagec)

> 347 (810787

PRIy G NN PN CSDOMABNS K . %,

Arcslternative to this would be Lo gefine a SET

/|

L

PSR



SIRESS (Continued)

6. If element stressas in materral coordinate system are destved {only for TRIAY,
TRIAZ, QUADL end QUADC elements and oniy 1n Rigfd Format 1), the parameter STRESS
{see the description of the PARAM bulk data card in Section 2.4.2) should be set to
be a posftive intager. If, 4n sddition to elament stresses in materis] coordinate
system, stresses at the connected grid points are also drtived, the parameter STRESS

should be set to 0,

7. Whern LAYER {5 selected, fndividunl Yayer stresses and/or Failore dndices will b
output.

8. The optfon EXTREME end LAVER 45 only applicable for the QUADY element,




Input Data Card CQUAD4 Quadrilateral Elerent Conrection

A

4

i

escription:

Defines & guadrilaterial plate element {QUADA) of the structural model. Thiy 1 an
fsonarametric memz»mne—-!c»endin? elegment, with variadle element thickness, layered

compoaite meteriat and thermil analysis capabilities.

Formut ind Exgmple:

! 2 3 4 5 [ 7 B ) 10
{ UARS £10 #ID 681 62 &3 &4 ™ 0 abe
&wm 181 17 1001 ) 1008 1010 1024 45,0 0.0l A3C
4 o i "
be ol o nojomw T3 LU -
14 C.83 .3125 £.05 0.04
Field Lontents
£1D Element ddentification number {Integer > D)
PID Igentificetion number of a PSHELL entry {(Defuuls i3 EID; {Integer » 0)
For composites, see Remark 5,
Gi Srid point vdentification numbers of connection potnts {Integer » 0)
20 Offsei of the 2lement referance plane from the piene of gria points (Real or
hlank, swe Remark 3 for default)
Th Mataris) proparty orientation specifization {Resl or blank; or 0 5 Integer
< §,000,0005. If Real or blank, specifies the muterial property orientation
angle in degrees. If Inteqer, the oriertatine of the material x-axis is
elong the projection onte the glane of the alement of the x-axis of the
coordinate system specified by the integer valye, q
¥ Kembrane thicknezss of elemert at grid pofots 7 {Beal ¢+ blank, ses Remark
4 Tor defsult),
Rerarks: 1. Tae (UADY geometry, courdinete systems and numbering ere show: in the figure below:
W3 ¢
Ve UL I
/ )
u‘/‘y
o
o™ —
W‘M" ‘
2. Elemert {dentificet.on nunbers myst be unique with respect to all other element
tdgentificavion numbers,
{Continued) q
74T (8/1G/07)
120
§

T .'~m|wﬂmtwam )



5.

CQUADA {Continued)

The materis) coordinate systein (TM) and “he offset (Z0) may also be provided on the
PSHELL entry. The PSHELL data will be uied if the corresponding field on the CQUAD4
entry 1s blank,

The T1 are optional, {f not supplied they will be set te the value of T specified on
the PSHELL entry. 1In such ceses, the continuation entry 1s not required.

For composites, a PCOMP, PCOMPY, PCOMP2 card cen be used instead of a PSHELL card.

2.4-87b (8/10,87)




BULK DATA DECK
Input Data Card MAT2 Material Property Definition

Description: Defines the material properties for linear, tempersture-independent, anisotropic
materials.

format and Example:

i 2 3 4 ] 6 7 8 ) 10

MAT2 MID G611 612 G613 G622 623 G33 RHO +abe

MAT2 13 6.2+3 6.2+3 5.1+43 0.956 AgC

+abe Al A2 A2 10 GE ST SC $S +def

+BC 0.15 -500.U 0.002 20.45 DEF

+def MCS1D

+EF 1008

Field Lontents

M1D Material identification number (Integer > 0)

Gij The mater{al property matrix (Real)

RHp Mass density (Real)

Ai Thermal expansion coefficient vector (Real)

10 Thermal expansion reference temperature (Real)

GE Structural element Jamping coefficient (Real)

ST, S5C, SS Stress 1imits for tension, compression and shear {Real) (lUsed only to compute
margins of safety in certain elements; they have no effect on the computational
procedures)

MCSID Material coordinate system identification number {integer > 0 or blank)

Remarks: 1. The material fdentification numbers must be unique for all MAT1, MATZ and MAT3 cards.
2. MAT2 meterials may be made temperature dependent by use of the MATT2 card.

. The mass density, RHP, will be used to zutomatically compute mass for a1l structural
elements except the two-dimensional bending only elements TKBSC, TRPLT and QDPLT.

4. The convention for the Gij in fieids 3 through B is represented by the matrix

relationship.
I ] \
0 b &2 G5 (‘z
- A
-"2/\ Gz Bpp Gy {‘2
2 Gy3 B3 Gy (*12

5. MCSIN (> 0) is required it stresses or strains/curvatures are to be computed in &
material coordinate system. This s applicahle only for TRIAY, TRIA?, QUADY, and
QUATL? elements,

2.4-169 {12/23/78)




Input Data Card MATE Orthotropic Plate Material Property Definftion
Description: Defines the material property for an orthotropic material for plate elements.

Format and Example:

1 H 3 4 5 6 7 8 9 10
puts NID £1 g2 { wiz | ez | ez |z | w0 abc
fﬁTB 299 32,46 | 4.2+5 0.33 | 2.9+ 0.042 RBC

be Al A2 TREF X7 X YT Y s def
o 14,6 § 2,3-6 17s. DEF
vef 6E F12 <
+EF 2.5-4
Field Contents
MID Material tdentification number (Integer » 0)
El.E2 Modulus of elasticity in tha materia) x snd y directions (Real ¢ 0.0)
NU12 Poisson's Ratio (Rea3) (See Remark 5)
Gl2 Linear In-plane shear modulus (Real » 0.0)
61z Transverse shear modulus for shear in X-Z plane (Real)
622 Transverse shear modulus for shear 1n Y-Z plane (Res’)
RHO Mass density (Real)
Al,RZ Thermal expansion coefficients in the material x and y directions
(T, Real » 0.0}
TREF Thermal expension reference temperature (AC, Real)
XT XC Allowable stresses/strains iIn tension and compression, respectively, in the

material x direction. Required if feflure index calculation i3 desired.
{XT, Real > 0.0) (XC, Real) (Default value for X{ is XT) (See Remark 3)

YT,YC AlTowable stresses/strains in tension and compression, respectively, in the
wmaterial y direction. Reguired if failure index calculation is desired.
(YT, Real > 0.0) (YC, Real) (Default value for YC s YT) (See Remark 3}

S Allowable stress/strain for in-plane shear (Real > 0.0) (See Jiemark 3)
GE Structural damping coefficient (Real)
Fi2 Tsat-Wu interaction term (Real) {See Remark 4)

{Continued)

2.4-173 (8/10/87)

23




MATE {Contirued)

Remarks: 1. Material coordinate systems are defined by the plate element connection entries on
the CQUADY carc,

2. The stress-strain relationship defined by this data is:

«, 154 RULE/ZE @ o, at
g, | ol -NUIR/EL  t/ER ] @, | ¢ (T-TREF){ AZ
¢ ) ? m:a" {rm ¢ |

{rm}. 612 ¢ i'vn}
AT L caz‘? Vys

3. Fields XV, X, Y7, ¥C and 5 are used only for composite msteris)s when fellure
calculations are requested with PCOMP, PCOMPY or PCONP? Bulk Dats antries.
Allowables represent stresses except when the maxfmum stoai=s failure theory {s used,

4. The F12 fieid 1is used only for composite materials when the TssioWy *ailure theory
fs used and Yailure calculations are requested.

[¥e]

KU12 15 Po‘sson’s Ratip (tl/tz for uniaxial Yoeding in I~dicectior). hkote that
NUZ1 n€2/'£1 unyaxial Toading in 2-direction, {s related to NUIZ, €1 and E2 ty
the relationship, (KU12) (E2) = (NU21) (E1).

AP (B YO

Bl TOH R R S BT



Input Dats Card PCOMP Layered Composite Element Property

Description: Detines the properties of a n-ply laminated composite materfal.

format snd Exampie:

1 2 3 4 5 6 7 8 9 10
peowp PID 20 | wsu | ssowp | #T S| et | e
poe 166 0.5 1.5 | 543 HOFF someM | AsC
¢ MIDi 11 Thi SOUT MiD2 T2 TH2 30UT2 def
B 150 0.05 90. YES -45, | DEF
et mip3 | vz | TH3 | sout3 ETC. . . H )
:EF 45.0 Ve e
Fiele Lontents
PID Property fdentification number (1,000,000 » integer » 0)
bi¢ 0ffset of the element reference planc from the plane of g-id points {Reas)
or blank, see Rem:rk 2)
NSM fNon-stryciural mass per unit grea, {Real)
SBOND Allowable shzar strass of vhe Londing material. {Heat » 0.0 or blani)
Required 17 feilure theory is used.
£ Failure theory, one of the strings “RILL®, “HOFF®, “TSAI", *STRESS™, or
"STRAIN". See Femark 4, (BCD or plant)
LORY Lamination generation option, cne of the strings, “ALLY, "SYw", “Mis", or
“SYMMEM" . Ses Remark 5, (BCD or blank) Defeuly is all.
MIDs Material tdentificalion numbter of the 1th Yayer. {Inteqer > 0 or blank)
T Thickness of the 1th Teyer (Real, » 0.0 or bisnk)
Thi Angle between the longitudian? direction of the fiders of the §th Tryer
and the material X-gris. (Keal or Blank)
SOUT Stresw output request for 1th Tater, one of the strings "YES® or “NO”,
(Nefault is “NO")
Rerarvks: 1. The plies are numbered from 1 tu r beginning with the bottom fayer.

2. The offset (20) 1s ussd cnly when the corresponding field on the CRALY Bulk Dats
entry referencing this property are bilsnk,

{Lontinued)

£.4-002n (010087




PCOMP (Continued)

A ———

SBOND 45 required if bonding materis! fallure index calculations are desired.

The failure thecry i3 used to deterwine the element faflure on ¢ ply-by-ply
pbesis. The asvailable theories are:

HILL - Hi11 Theory

HOCF « Hoffman Theory

TS84l - Tsai-Wy Theory

STRESS - For Maxfmum Stress Thzory

STRAIN - For Maximum Stratn Theory

To minimize fnput requivements seversl Jumination options (LUPT) ave aveilsble. AN
indicates that every ply 13 specifiad, SYM {ndicates that ply leyup 5 symratric
sbout the center ply and thst the plies on one side of the center iine &re
specifiod  SYMMEM {ndicates a symetric layup of sembrane only plees.

The material properties, KiDi, may reference only MATI, MAT2 ynd HATS Bulk Deta
entrves.

1° any of the MIDI, Ti or TH{ are blank, then the Tas? non-blank values specified
fyr each will be used to define the values for the ply.




Input Data Card PCOMPI Layerad Composite Element Property

Description: Defines the properties of a n-ply laminated composite material where 21l plies

are composed of the same material and are of equal thickness.

Format and Example:

1 2 3 4 5 6 7 8 9 10
PCOMP1 PID 20 NSH SBOND FT MID TPLY LOPT abe
FCOHP] 16¢ -0.5 1.7 | 5.43 STRAIN] 200 0.25 SYM ABC
t+be TH1 TH2 TH3 TH4 TH5 ETC. . .
+BC -45.0 45.0 90.0 80.0 45.0 e e e
Field Contents
PID Property 1dentification number (1,000,000 > Integer > 0)

20 Offset of the element reference plane from the plane of grid points (Real
or blank, see Remark 2)

NSM Non-structural mass per unit area. (Real)

SBOND Allowable shear stress cof the bonding material. (Real > 0.0)

FT Failure theory, one of the strings "HILL", “HOFF", *TSAI", "STRESS", or
"STRAIN". See Remark 4.

MID Material identification number for 211 layers. (Integer > 0)

LOPT &g¢&;g;10n generation option, one of the strings, “ALL™, “SYM", “MEM", or

. See Rerark 5.

TPLY Thickness of all layers (Real, > 0.0 or blank)

TH{ Angle between the longitudinal direction of the fibers of the 1th layer
and the material X-axis. (Real or blank)

Remarks: 1. The plies are numbered from 1 to n beginning with the bottom layer.

2. The offset (Z0) s used only when the corresponding field on the CQUAD4 Bulk Data
entry referencing this property is blank,

3. SBOND 1s required if bonding material failure index calculations are desired.

4. The failure theory is used to determine the element failure on a ply-by-ply
basis. The available theories are:

HILL - Hil1l Theory

HOFF - Koffagn Theory

TSA] ~ Tsai-Wu Theory

STRESS - For Maximum Stress Theory
STRAIN - For Maximum Strain Theory

{Continued)
2.4-223c (B/10/87)



PCOMP) (Continued)

To mindinize fnput requirements several Taminztion sptions (LOPT) ave svailable. AVl
fndicates that every oly {s specified, SYM indicates that ply Tayup fs symmetric
about the center ply and that the plies on one cide of the center line are
specified. SYMMEM {ndicates & symetric Tayup of membrgne only plies.

The material property, MID, may reference only KATI, MATZ and MAT8 Bulk Date
entries,

B oA A Y 1 LY gl g




Input Data Card PCOMP2 Layered Composite Element Property

Description: Defines the properties of a n-ply laminated composite material where all plies
are composed of the same material.

4ormat and Example:

1 2 3 4 5 6 7 8 9 10
coMp2 PID 0 NSHM SBOND FT ¢ HID LorT abc
[peowp 10 | 05| 1.7 |.5.43 | Tsar | 200 SYM ABC
+bc Tl TH1 T2 TH2 T3 TH3 ETC. . .
+8C 0.25 -45.0 0.5 50.0 0.25 450 | ... ..
Field Contents
PID Property {dertification number (1,000,000 > Integer > 0)
L0 Offset of the element reference plane from the plane of grid points (Keal
or blank, see Remark 2)
NSM Non-structural mass per unit area. {(Real)
SBOND Allowable shear stress of the bonding material, (Real > 0.0)
+7 Failure theory, one of the strings "HILL", “HOFF", "TSAI%, “STRESS", or
“STRAIN". See Remark 4.
MID Material fdentification number for all layers. (Integer > O or blank)
LOPT Lamination generation option, one of the strings, “ALL", "SYM", "MEM", or
"SYMMEM", See Remark 5.
Ti Thickness of the 1t layer (Real, > 0.0 or blank)
THi Angle between the longitudinz] direction of the fibers of the ith layer

and the material X-axis. (Real or blank)

Remarks: 1. The plies are numbered from 1 to n beginning with the bottom layer.

2. The offset (Z0) is used only when the corresponding field on the CQUAD4 Bulk Data
entry referencing this property is blank.

3. SBOND 1s required if bonding material failure index calculations are desired.

4, The failure theory is used to determine the element failure on a ply-by-ply
basis. The available theories are:

HILL - Hi11 Theory

HOFF - Hoffman Theory

TSA] - Tsai-Wu Theory

STRESS - For Maximum Stress Theory
STRAIN -~ For Maximum Strain Theory

{Continued)
2.4-223e (8/10/87)
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PCOMP2 (Continued)

To minimize fnput requirements several lemination options {LUPT) are avaflable. AN
indicates that every ply s specified, SYM {ndicates that ply layup is symmetric
about the center piy and that the plies on one side of the center line are
gpecified, SYMMEM indicates ¢ symmetric layup of membrsne only plies.

The mater{a) property, RID, say reference only WATI, MAT2 and MATS Bulk Data
antriep.

If any of the Ti or TH1 are blank, then the last non-blank values specified for sach
will be used to gefine the values for the ply.

242208 180,80

a0




Input Data Card FLOADE Fressure Losds on Face of Srructural Elements

fescription: Defines 4 oad un a face of & ADE element,

L
.

Format and Exemple:

1 2 3 q 5 & 7 & 9 10
LOAD4 | SID EID Pl p2 P3 P4 ” ) ebe
LOAD4 101 2043 15, 8, 23.6 ASC

[+he Cid K1 Ne M3
+8C 52 1.4 0. .
Alternpte Form:
0L SiD £l pr | % P3 P4 | *THRU*| E2 ght
PLOADE | R1 | 452 105. THRU | 568 GHI
)

- 3 # o ~ -
:21 Cib N1 ¥4 N3 - ,g;\\
+H 2375 0. . 1.
Fleld Lontents
3 Load set fdentification number (Integer » 0)
EIDEL,E2 Etement Ycdencificatior number {Integer » 0, El « &)
B1 Pressure at the yrid point defining the element face (Real or blank)
C10 Coovdinate system identification number {Integer » 0)
Ni Components of a vector “n system C1D that defines the direction of the

prassure (Real;

Remarks: 1. For the plate element QUAD4, 1V the continuatior entry fs not given, the directicn
pf the pressure is norms] to the element in the element 7 divection. If orly Pl is
giver, the pressure fs assumed to be uniform over the azlement surface,

7. If the Joaded surface of an element {s curved. and & divection vector {3 not
specifisd, the direction aof the pres.ure mey vary over the surface. The pressure
intencity 15 the load per unit surfare ared.

Equivalent gric point Tuads eve computed. A untform presyure nesd noy vesolt In
equal grid puint loads,

i

2.8.23%y (8710787




4
Bulk Data Entry PSHELL Sh211 Element Property
Description: Qefipes the membrane, bending, transverse shear, sad coupling propert.es of %
the".,mm sell elemant.
Formit and Evample:
3 2 3 ) L) é 7 £ 9 10
FSHELL i PID MIinl T Kinz 121/72)  MID3 | TS/T HEH abe L
{kswﬁLL 203 204 1.90 205 1.2 206 0.8 §.32 ABC
bbe | 71 22 MIB4 | #CSID | SesiD 20 < -
oo
+8C +.95 -85 ] B 0.0: €
Fleid Lonterts
PID Froperty fdentificatipn nuwber (Integer » 0)
M) Mzterial tgentificatton number Yor membrans {Integer > O or dlank) 4
g Default value for membrane thickness {Real » 0.0)
%102 Material fdentificetion number for bending {Inteier » U or blank)
121/79 Ben@ﬂng s$tiTfness parameter (Real or blank, default = 1.0} "
HidD3 HWateria) identification number for transverse shear {Integer » 0 or biank,
must be hlank unless MID2 » 0)
TS/7 Transverse shear tiuicknhess divided by membrane thickness (Real or biavk,
default » .833333)
NSM Nonstructural mass per unit area {Weall q
21,22 Fiber distances for stress computation. The prsitive direstion §s determined

by the righthand rule and the ovder in which the grid points rre Visted on the
connection entry, {Real or blank, dafsults ave -172 for 21 end #T/2 fgr 22).

MIn4 Material {dentificeation numbzr for wwmbrane-tending coupling {Integer > O or
olunk, must be blavk unless MiDl » U and MIDS » O, moy not auual BIDI or KJUZ) P
#CS1D Identification number of materia! coordinate systom {Real or blank, ov
{integer 3 01 (Sec Pemsrk 11}
SCEID TlentiTication numbes of stress coordinate system {Real or blank, or
{Integer 2 0) {>ee lemsin 11}
0 (ffset of ihe eYemant reference plane *rom the plane uf grid points., {(kee) 8
oy Slank, defruty = D.0) (Sre Rpmark 00
(Contynuen)
&
A) :\ 2‘\; !’:a/./}\Ai/'&;)
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PSMELL {Conttnued)

Wemarks: 1. A1 PSHELL property entries must have unique identification nusbers,

Eprie-e L

2. The structural mass {3 computed from the density witng the membrane thickness and
membrane material propertfes,

3. The results of Teaving any HID ¢#401d blank sve:

MID) No mestbrane or Coupling $2i¥¢ness

MID2 Ho bending, toupling, or trensverse shear stiffresy
RiD3 No transverse shesr Tlenibility

Hipe Wo membrane~bending touplIng

4, The continuation entry ig not, required.
5. Structurs! damping. when npeded, {5 obizined from the MIDI seateris.

6. The BI04 field =xtould be laft blank 1f the materdal properties sre symastric with
the middle surface of the shell.

/. For strumtural probiems, PSHELL entries mwy reference MATY, WMAT2 or WATR material
prope date.

8. If the transverse shzar material, MID3, ereferences MATY dste, then 633 must be zero.
1f 102 references MATS deta, thon G1.2 and 62,7 nust not dbe zero.

8. For dpot transfer problems PSHELL entries may veference MAT4 or MATS meterial
property data.

10U, IF MCSID/SCSID fs Teft blank (0.0) or 15 real, it is considered to be the angle of
rotation of the X ax1s of the materfal/stress coordinate system with respect to the
X axis of the element coordinate system in the XY plane of the latter, {f Integer,
the orientation of the material/stress x-axis 15 along the projection of the x-axis
of the specified coordinate system ontd the x-y plane of the element system., The
value of MCSID 1s the default value for the T™ field on the CQUADE Bulk Dats
entries.

11. The value of Z0 is the defeuit value for the corresponding field on the CQUADS Bulk
flata entries.




APPENDIX D:

WASTRAN INPUT DATA FOR SAMPLYE
PROMLEMS 1-6, 8, %, 11, 13c¢,
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APPENDIX E: NASTRAN INPUT AND OUTPUT FOR SAMPLE
PROBLEMS 7, 10, 12, 13a, 13b, 13d, 14, and 9 and 12 with TRIA3
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COSMIC NASTRAN PROBLEM #13a

CONTROL DECK ECHO
1990
DECK ECHO

C
{ USERS COLLOQUIUM

STRA!

in

Q.
>
>
+
o
.
—
<o OO
. S
@ e o o pamd e gt e pom] ] g et v =l Pt Ol e e vnd = = d el = DD O
(=4 OOO
. Or-tMTIOPMNM OO -t UMD P OO NN MP U s s
(=) PO N et vt rd e e et = YOI N N NN IO M I OO M MO C O
o (=Y o L]
. O~ O =t OO ONMT O CONONMTLLID ¢ v -
() QO ON vt et ot gl =t e =l = Y O S DNV O O I IO OO0 0N O (N O et et b
(2] OO Oo
x L) .« e
—_ - Ori NSO O N MO~ OO ST <
[*0) O NG NN rdrtrd et e = OIS ™M 1
=g
[ew]
-
Lt
_* [ N ol
X . Ot MIRT WNIAD - DT i U I YD P 00 TN
- o e e S e s P N e Mo R e e e R e e R e e N A VRSN N o VAV F o VE o S AN N o N E4 V]
[aY
x
—
vy
<
bat . o
3 [ B e R e el L e R o R K R R R R R e AR R Ve R e}
<X
[ e
—d
oy <X
—— 1"
[¥a) L
X g B e OIS LI OO N O e Oy Y Y
[v9] P e e OV P NT VALY P QO O v ot vk gt roy e vt e 4 et o OV O O O O OV v et vt
o]
a
<>
[o4
[*9
L]
1
jou}
—d O
O o
[l & i } Lad
[ RV e N ) [$4]

L T T L L L T T T S T R S R Y N S T T T T T
SO MR WD L QO TN O - OO TN S UMD P CO IO CD e O Y A D e OO I O
L R R e e R e R e R AR AN NSV ARV RGN N oV N VN o VN o VI GNE SV g ]

DA N MG N0 OO,




J8Y

9¢
1¢ 17 61 £l
9¢ 0¢ ve 81
9
1

HAS  9€20° ée
600" S0+30°Yy G0+30°% wc+uwwm

e 4 e s e e e 8 s+ & s & 2 e e s

« % o o e & o a s e o s+ v e o % e s @
A AT OOOO0OO0ODO0O0OO0OO0OO0O0O0OOODOODOCOCOOOOODOOOOOOO0O

COOOCOOOCOOODOODOOOOOODOOODOOCOOOOLOOOOOOO

ocoo
[==J )
ooo
oOoOo

NYHL

MlYHL
NaHL

oo
-OOOOOOOOOOOOOOOOOOC\;N

.

1OOCOOOOr<T T << o000 a) 00—

OO
ooy
t

90+39°190+36°81

0°GI

o
od
—

oo oo
P OO OO .
. o CQONILN e 2 e L O
OCMNMON—A et OMODON N OMUON S~ O MO Nt e OMUO N v O MO

OO O

oo
s OJ LD

- 3

=i =l =]~

oo
(X 1 V2]

OO0

oo
* O LD

OO0 O

9¢
ve

)y g et ]

.mw
INdOYS

Vivaani
13dS
1J3dS
13dS
13dS
13dS

J9+
1dH02d
Wydyd
8LYM
a1y9
QIyy
any9
aryy
anyy
oI49
0149
0149
aIy9
aryy
aryy
aryd
ary9
J149
aryd
anyd
aryd
149
aryy
ald9
0149
anyo
ary9
alys
gras
ardy
Qly9
0149
ald9
O8]
aiyy
ands
GIy9
aly9
gidd
a1do
32404
33404
33404

-8(
-LL
-9/
-G
v
-/
1A
gy
-0
-69
-89
-9
-89
-89
-9
-£9
=29
-18
-09
66
-84
-L§
-96
-GG
-46
-£S
=26
-14
-0§
-6y
-8v
-Lf
-9%
14
by
-tb
-2b
-1y
-0y
-6¢
-8¢
wAs
-9¢
-Gt
-v€
-£€
-2t
-1t

212




» v » 800 40 QN3 « « &

m 0°C 22-3/96£1G6°8~ 22-3E9%p0p°1 00 ¢'0 G0-368I001°1- 9 9t
C°0 22-386t016°9- 12-3120p11°2 0°6 00 GC-3£16108°8- S ot
0'0 <c2-3€686LE'y- 12-32/6826°¢ 0°0 0°0  90-35£1109°5- 9 143
0°0 22-368€12°2- 12-3t€9€69°¢ 0°¢ 0°C  90-3/8/0CG%"%- 9 £t
0°0 £2-308E866/°2- 12-3/66€8%°1 0°C 0°C S0-38/e002°2- 3 2¢
0°0 €2-3r119¢2°8- €2-3561bE9°1- 0°9 ¢0 0°0 a It
0°0 12-389988v'¢£- £2-3££6520°6- 0°0  £0-3198¢/1°6- S0-36810C1°1- 9 0t
0°0 12-399/60v°2- 12-3E€6{81°1 12-3019282°f- ([0-3198fL1°¢- 90-3£15108°8~ 9 62
0°0 22-3689621°6- 12-3694v50°2 02-3655960°1- £0-37198L/1°6- 90-3S£T1105°9- 9 8¢
0°0 22-382£/99°C¢ 12-3p62801°2 02-3829py0°1- [0-3T98E/1°€~ 95-3/5{00F - 9 {2
0°'C 12-3¥8cifL°1  12-3181SGE | 12-3005212°9- £C-3198€L1°6- S0-38LEGOC"2- 9 24
0°0 12-3698£(6°1  €2-3t62£9L°S 0°0 [0-3[98EL1"6- 0°0 ] 52
0°0 1¢-3220005°y- €2-36685(2°8- 0°C  90-32[/vE8°1- G0-368BI0UI"1- 9 14
0°0 Te-IETIL16°€- 22-3882226 1  02-3891/60°1- 90-32/{%t8°1- G0-2£15:09°8- 3 £e
0°0 12-39€802v°1- ¢2-399292€°G  02-3/0G€89°1- G0-32//H€8°1- 90-35€1106°9- 9 2e
0°0 22-38£G/p9°8  22-3620889°9  02-3285099°1- 90-3£LL%€8°T- 90-3/G/00%°¢- 9 12
0°0 12-3v/1908°2 72-3929¢6/°v  02-3p96120°1- 90G-32.(Lp€8°1- 95-38/£002°2- 9 02
0°0 12-3392€/v°€  £2-3251906°¢t- 6°0 90-32{/pe8°1- 0°c 3 61
0°0 T1e-31€9681°p- Z2-3LLELTv2- 00 90-3861254°2- G0-36R1001°1- 5 81
0°0 12-369[25°€- c2-38IvEwb /- 02-306w120°1- 90-38512G/°2- 90-3€15108°8- 9 {1 i
0°0  12-390/985°1- 22-3v6F80H°H- 02-399€099°1- 80-38G12Gi°2- 90-3G£1109°G- ) 91 o
0°0 2¢-3t6/£86°S  22-389E1bu’8- 02-312/€89°1- 90-38G12G/'¢c~ 50-3(GL00% §- S 51
0°0 12-3v6{46L°2  22-3p0V995°v- 02-3ETLL90°T~ 90-386125L°2- 50-38/€002°2- 9 g1
0°0 12-3614€8L°¢ 22-309218G°1- G°C 90-384125/°¢- ¢0 9 £l
0°0 12-309£069°2- 22-39itCI0°E- 0°6  60-3rys699°€~ 50-3681GCL°T- 9 2l
0°0 12-3891/6b°2- 12-3/80229°1- 12-32€0802°G- 9CG-3vpS699°C- 90-3E16108 8- 9 11
0°G  12-38£2882°1- 12-318508€°2- 02-318EppC 1- 90-Irp5699°€- 90-3G£1106°5- 9 0t
0°0 22-3820G¢6°T  12-368292€°2- 02-3€39960°1- 9C-3ppG699°€- 90-3/SL00t° - 9 6
0°0 12-399¢889°1  12-38Gv0Sy°1- 12-32/p482°L- 90-3¥¥4599°€- 90-38/€002°2- 9 8
0°0 T12-3%kepllte  22-3/B02ip°1- 0°0  90-3tv¥5699°¢- 20 2 {
0°0  22-3119862°9- <22-30b(G.€°2- 0°0  90-31€698G°p- G0-3681007°1- 9 9
0°0 22-3969216°9- 72-3EBB6HLI- 0°0 90-31£6585°v- 90-3£15108°8- 9 g
0°0 22-39v//26'%- 12-3686¥26°2- 0°C S0-31&6985°v- 90-35£1109°G- 9 ?
0°C 22-3219¢£8°2- 12-302i1002°¢€- 00 30-31£698G v~ G0-3£3/00v°p- 9 3
0°0 2¢-398t0t9°1- 12-3196L/€°2- 0°0  90-31€6989°v~ 90-38L€002°2- 5 4
0°0 22-31610S€°T  22-3t5E6EL €~ 0°0 90-3[€6985 ¢~ 0°0 3 {

£y 4| 8] tl al 1 34AL  "G1 INIO¢
401J23A LNIWIOVIASIQE




I
W 0°0 070 (O SR D vz 1 32604 -1
| 0°0 60 51 0y~ H 1 3304 -0f
60 0°0 01 0t 21 1 3)404 -62
0°0 00 (U 02 9 T 32404 -§2
i v€ g¢ of 62 1 52 pavRd2 -l2
1 v G 62 9z 7 p2  pavALD -32
H (23 e 82 L2 1 £2  vQ¥nLd -G2
1 2 £ 12 62 i 22 pevAdd -pe
1 13 2 92 2 1 12 24Yi0) -£2
I £2 0t v2 £z 1 02 $0YndI -22
H 82 62 £2 22 1 61 tavnbl -12
1 £2 82 22 12 1 81 pavndd -02
1 92 {2 12 02 1 {1 909009 -51
i £2 2 02 51 1 9] pa¥ndd -81
I 2 2 81 i 1 ST pavadd -1
I 22 £2 {1 91 1 b1 pOVNRD -91
1 12 22 g1 Gl 1 €1 pQYNDI -Gl
1 02 12 er 1 T Z1 vavab) -1
1 61 02 1 i 1 T pavnhd -£1
1 i 21 21 i1 i 01 wa¥RdD -2l
1 91 {7 1 01 1 6 vavnd?l -1t
i st 91 01 6 1 8 tavnd) -01
1 1 61 6 8 1 [ pQvnd2 -5
1 €1 v1 8 i H 9 pavined -8
I ! H ] g 1 S pavndd -{
I (13 11 g b 1 ¥ $0vAD) -9 <«
1 6 01 ¥ £ I £ pnvnd) -5 -
I g 6 £ 2 1 Z  p2ynd2 - o~
1 { 8 bd 1 I T pQvndd -
01 0°9 0°1 dAX+ -2
dAY+ 01 0°0 0°0 0°0 0°0 079 T 420402 -1
AP PR S P T S SR TP Pttt LNNO)
N3 NI93G 6
TIY=NIVdLiS 8
TT¥=SLNIWIDY 14" ]
JJdﬂmmk(Pu m
119=09010 g
1NdLnc v
1= 3dS £
1 = QY01 2
ONIGYGT 3NYTISNT T 3CYD CT H3IT90Md4 = 37110 1
OHJII ¥33G T0¥LNO3 36y
aN3d
01 IWIL
1165

LN3IAIIVI4SIA dd¥Y
0661 WNINDOTTI0U SYUISA NYEISYN 02 Ad ST 3Lv1d ILISOdROD i ;

0HI3 A233¢ T9¥91L N0 3IATLIND3X3 NYHdLSVYN

BET# WITJOUd NVELSYN O8H




V1VQON3
9t MiHL 1£3 9¢2 I 12dS -18
1€ 52 61 €1 L 1 9¢1 1 12dS -08
9¢ o€ ve 81 2l 9 9¢ 1 12dS -6/
9 NYKL [ 9¢ I 12dS -8/
9¢ NYHL I g I 13dS -l
3k 0°Sy 9Ee0’ 22 S3IA  0'Gb-  9£20° 22 Wi+ -9/
NN+ SIA 006 9£20° 22 S3A 0°0 9€£20° 22 S+ -G/
SN+ S3A 0°0 9¢£20° 22 S34A 006 9£20° 22 D+ -yl
O+ S3A  0°Gb-  9Ee0” 22 S3A 0'Gy 9E20° 22 diN+ -tl
di+ 1 dH0dd -2l
0 INdGYY  Wvdvd -1/
G00* G0+30°t S0+30°t 90+369° 62 90+39°190+3G°81 22 8l -0/
0°0 002  0°GI 9¢  4IY9 -69
0°0 002 02 ¢ aryo -89
0°0 0°02 0°6 e a1yo -/9
00 0°02 09 €€ QIY9 -99
0'0 0°'02 0°¢ 2€ Q1Yo -69
0’0 0°02 0°0 1€ ary9 ~49
0°0 0°91 0°61 0f 019 -£9
0°0 091 0°21 62  QIY9 -29
0'0 091 06 82  0IY9 -19
0°0 0°91 0°9 [2 QIO -09
0°0 0°91 0t g2  aIyy -6
0'0 091 0°0 G2 aI¥9 -86
0°0 021 0°S1 vz  aIy9 -5
0°0 02 021 £2  0IW9 -96
00 021 0°6 22 a1y -G§
0'0 021 0°9 12 Q9 -5
0'0 021 0°€ 02  aI¥ -£6
0°0 021 00 61 aryo -2
0°0 0'8  0°SI 81 a1y9 15
00 0°'8 021 (1 a1y9 =05
0°0 0°8 0°6 91 ary9 -6%
0°0 0°8 09 51 ary9 -8t
0°0 0°8 0°'¢ vl a14o -
0°0 0°8 00 €1 a1yo -9f
00 0t  0°6l 21 anyn -Gy
0°0 0'v 02l 1 a1yy -bp
0°0 0 0°6 01 aryy -£Y
0'0 0¥ 09 6  4Iyo -2
0°0 0t 0°¢ g Q¥ -1%
0°0 0t 0°0 L Q149 -0Y
0°0 0°0  0°S1 9 any9 -6¢
0°0 0°0 02l g  QI¥9 -8¢
0°0 0°0 0°6 y Q1Yo -{€
0°0 0°0 0°'9 £ al1y9 -9¢
0°0 0°0 0°¢t 2 an9 -GE
0°0 0°0 0°0 1 aryy b€
0°0 00 0'1 0°2- 9¢ T 32404 -€€
0°0 0°0 01 0t~ 0¢ T 32404 -2¢

1



**ﬁmonauoazwﬁk\l
0°0 ¢ 0 0°0 €0 G'0  G0-3681001°1- 9 9t
¢c'o 0°0 0°0 c°0 0°0 90-3£15108°8- 9 g€
00 00 00 00 8¢ 90-39€71109°5- 9 123
0°0 00 0°0 60 0°G  90-3/SL00%°¢- 3 £E
0°0 0°0 070 0°0 0°0  6G-38(£002°2- 9 2t
0°0 60 0°0 9°0 0°0 00 9 1€
0°C 0°0 L 0°C  (0-3198€{1°6- 50-3681001°1- 9 ¢
0°0 G°0 0 0°0  £0-3198€/1°6- 90-3€15108°8- 5 6¢
0°0 0°0 00 0°C  £0-3198%/7°6- 90-3GE1109°9~ 9 8¢
00 0°0 0°0 070  £0-3198€L1°6- 90-3/9L00%°t- 9 L
0°0 0°0 G0 0°0  £0-3198€/1°6- 90-3BLEDOZ 2 9 9¢
00 0°0 070 0°0  £0-3I9BEL1°6- 00 2 52
00 00 0°0 0°C 90-32/{bz8°1- G0-3681001°1- 9 vl
2°0 0°0 09 0°0 90-32//vt8°1- G0-3E1S108°8- 9 2
00 80 0°0 0°0 §0-32£4%t6°1- 90-36ET1109°9- 9 |4
0°0 0°0 00 0°0  90-3¢ci{ve8°1- 90-3£9L00%°¢- 2 H
570 0°0 0°0 0"  90-32(L4€8°T- 90-38/£00¢°¢- S 02
00 0°0 G0 G0  90-32//vE8°1- 0°0 9 61
0°0 0°0 0°0 00 90-38512G/°¢c- 50-36BI00T°1- 9 g1 i
00 070 0°0 00 50-389175L°2- 90-3€15108°8- 9 {1 o~
g0 00 0°0 0°0 90-3861264°2- 90-35£1109°89- 9 91
G5 0°0 00 0°C  90-38G129/°2- 906-3/Si00t°p- 9 51
9°0 0°G G0 0°C  90-385129(°2- 90-38L£00Z°¢2- 9 pl
J°0 070 G0 8°0  90-3861267°2- 0°9 9 £1
00 0°0 0°0 G'0  96-36vG699°¢- S0-368I001°1- 2 I
670 00 0°C 0°0  90-39v5685°C- 90-3€19108° 8- ) 11
070 0°0 070 0°0 90-3995695°€- 90-3S£1105°4- 3 01
00 GG ] 0°C  90-36%46997¢- 90-3/SL00V ¢~ 9 6
0°0 00 0'¢ G'0 SG-3595699°€-  90-38L£0GC ¢~ o 3
00 00 6°0 0°G  90-359669%°¢- 09 9 L
0°0 0°0 00 0°C 90-31€69857%- <C0-268I001"I- 9 §
] e'0 00 05°0  90-31€698G°p- 90-3L15I(08°8- 9 g
00 (Y 0% 00 90-31€€985°y- 9G-36£1109°G- il 't
0°0 00 0°C 070 80-31€6985"v- 90-3/9/00%"%- 9 £
0°0 ] 0°0 0°0 90-3T€A98G - GU-38/€002°¢c- 9 2
0°0 0°0 e 0°0 90-31£698%°y- 0°¢ o 1
€4 4. L] £l A Ii 3dAl "G INIGd
d3433A 1KIWKIIVILSIAQ




80 0°0 09 £ a149 -0f
0°0 0°0 0°¢ 2z anyo ~62
0°0 0°0 0°0 H a1yo -82
1 GE S¢ 0¢ b2 1 G2  pOvabI -L2
1 112 3 &7 82 i v2  yovndd -92
I €€ 23 %o (2 1 €2 vav¥ndl =52
1 2 £¢ {2 92 1 Z2 t0vnd) -p2
1 1€ 2€ 92 G2 1 12 #0vnbd -£2
1 62 0¢ 174 €2 1 02 vavndd -22
1 82 62 €2 22 1 61 pQVADS -12
1 12 82 22 12 1 81 vavndd -02
1 92 {2 12 02 1 (T 9Qv0d) -61
1 62 92 02 61 1 91  pavnNd) -g1
I £2 y2 81 i1 1 ST pQvNd3 =11
1 22 €2 A 91 1 vl pavad) -91
1 12 22 91 Gl I €1 tvavadd -61
1 02 12 SI t1 1 21 yavndd -p1
1 61 a2 a £1 1 1T vavhdd -£1
1 {1 81 21 11 1 01 pavnbd -21
1 91 {1 1 o1 1 6 $AYNDD -11
1 S1 91 01 6 1 8 #a¥nd) -01
1 v1 61 6 8 1 . $QYN0) -6
1 £l a 8 L 1 9 $avndI -8
1 1 21 9 S 1 S pavYND) -l
I 01 I g ¥y 1 v vOYAD)D -
I 6 1 t £ 1 £ £Qynh) -q
1 8 6 € 2 1 2 pavidd -y
1 { 8 2 1 1 1 #avidd -€ ™~
0°1 0°0 01 dAX+ -2 ~
dAX+ 0°1 00 00 0'0 0°0 0°C 1 420400 -1 N
A708 k1938 6
1v=NI1v41S 8
C 1Y=SINIWIYIGSIA /
Tv=SS3u4S 9
T1¥=0v010 S
1nd1no t
1= 2dS £
1 = Qvoi 2
V01 3uNSS3d¢ 2 IS¥D €1 WIN80Hd = il 1
LNNQ3
quvd
OKJI3 X230 1T08L1NOD ISV
(EEN]
01 3WIl
0'1 108
LINIW3IIVI4SIC 24y

0661 WNINDOTIC) SYISA NVLSYN 02 A8 SI  31Vid 3.iISCdW0D ai

0H3 ¥J23a T08LNOD IATLNADIXST NY4dLSVN

qeT# WITEOUd NYHLSYN SIKWSOD




1€ T
9t 113

Jgy WAS  §€20°

200" S0+30°% S0+30

9¢
61 €1
ve 8!
S
5¢
Ge

ée
‘v 90+399°
OQ

OCOO0OOQOUOOOOOOOOOOOODOOOOOOOO0O0
« s e & % e e o o % s ¢ o w @
COCOOOOOCOO0OOOOOOOOOOOCOOOoOOOOOO

e 4 e & 8 e . s s & s e +

3

NgHL

NEHL
(iYHL
Nl

T

SRR
oo
[3V RV

3

.

* o e e e e

.

COOCODOODOOOCOO0OOOO0OO
CONNONUNNNNWOOVOVOOMNO

e e e e
QOO T T < =T < 00 CO 00 G0 O0 OO rt vt vt voed ymd o4 omed =t 1 =~ (N O O O

s e e e e s

DOOCDOODOOOOOOODO

it 9¢e

1 9tl

9 9¢

1 9¢

1 9

1 0°2-

‘06 qy-

90+39°190+35°81
0°41
021
0°6
0°9
0°¢
00
¢ a1
0-2t
06
0°9
0°¢
0°51
0°2t
0°6
0°9
0°¢
0°0
041
02t
0°6
09
0°¢
00
061
021
0°6
09
0'¢
0°0
0°61
02t
06

d g gl ot Tt vy

IO 0 N e

Y1VQAaN3
1343
12dS
1248
13d$
13d$

20Y074
29+
1dW02d
BivW
aiy9
ald9
149
a1dy
0149
aney
aly9
3143
giyo

G1xD

~e U

Qivd
andy
a1y9
ary9
arygo
Q149
a4y
a1yg
Qa9
ar4gs
aiy9
aid9
a149
Ciag
0iu9
Qaiyg
gld9
aiyo
014%
a149
a1y
a1ys

218




¥ % « 80C 40 ON3 = « »

0°0 £0-39/1¢2€°1- £0-3¥05012°1 0°0 0°0 61-30I6IL1°T- 9 £
, 0°¢ 10-3698860°2 20-3692899°1 0°0 00 02-361126L°6- 9 GE
| 0°0 $0-39YSECT 1~ 20-3650982°2 0°0 0°0 0¢-38661L6°L- 9 vt
0°C  ¥0-3/1€6E°G  ¢D-3998990°¢ 0°0 0°0  02-389£194°6- 9 £t
C'0 $0-3E2562°8  20-3C91191°1 0°0 0°0 02-3801822°¢- 9 2t
0°0  t0-399G%91°t- #0-3THE06T 1~ 0°0 0'0 0°0 9 1¢
0°0 20-39E/{81°¢~ §0-3G/¥91{°9- 0°0 02-30£0£G€°8- 61-3TI0SEL°1- 9 0t
0°0 20-38pPITp°1- £0-3€/1€86°6  20-36506G9°5- (2-398pot6 2 6I1-3Ivb0pes°1- 9 62
0°0 £0-3/8(783°t- ¢0-3588€99°1  20-3/I1G14p°3- [2-306998€°8- 61-3+22(50°1- 9 8¢
0°0 €0-39bH{€5°9  20-3012969°1  20-38508/0°8- 12-3561G6G°9- 02-315¥60/°6- 9 i
0°0 20-39026/b°1  20-3026901°1 20-3€E€LL2B"¢y- 02-31¥2/280°2- 02-38995LL°1- 9 g2
0°0 ¢0-30(8€95°T H0-3LT1G91°6 G°0 02-36¢926( ¢~ 070 S §¢
0°0 20-3/£28.6°2- H0-3688698°1 0'G 61-3886861°1- 6I-3/18619°2- 9 144
0°0 20-3250€£2°2- €0-399146v°2 20-3vv880E°8- 02-32€06SL°8- 61-3€9806¢° 2~ 9 134
00 €0-306508%°£- £€0-350£Ge1°G  10-3S€2S0E€°'I- 02-3Z0€SI0°Z/- 61-306194G°1- 9 22
0°0 £0-31¥9968°8  C0-3201860°9  10-3/0€/82°1- 02-38EpL2E°9- 02-32119¢1°¢- 9 12
0°0 20-3209082°¢ €0-3pT/91G'v  20-3£2G€G6°/- 02-36/0685°9- 02-3028012°1- 9 0¢ .
0°0 20-3yIESEL"2  PO-IEE0SEY'S 0°0 02-3522501°¢- 0°0 9 61 —
0°0 20-3v1ESEL 2~ $0-IEE09EL°9- 0°0 61-35566162°1- 61-3€485928°2- 3 81 ™
0°0  20-3205082°2- €0-3IPIL916°p- 20-3€25€G6° /- 61-3/p0E8F T~ 61-3H1€926°2- 9 i1
0°0 €0-31t9358°8~ €0-3201860°9- 10-3/0£/82°1- 61-3191€98°1- 61-3/96£9/'1- 9 i
0°0 €0-306508G°/ €0-3G0£621°G- 10-36€250€°1- 61-390609¢°1- 02-31906855°8- 2 61
0°0 20-3250t/2°¢ €0-3951/6¥'2- 20-3yyB80E°8- 61-36190G2°[- (02-3€99%6/°1- 9 14!
0°0 20-3/£28/6°2 ¥0-3988698°1- 00 6I-3018SIT'1- 0°0 9 £l
0°0  ¢0-30/8€9%°1- $0-3L11G91°6~ 0°0 61-3/yi892°[- 61-3G448L2°2- 9 Zl
0'0  20-350264b'1- 20-3026901°1- ¢20-3€L/28 - 61-30€8906°1- 61-3845960°2- 9 1
0°0 €0-39vb/€6°9- <¢0-3012969°1- 20-38508{0°8- 61-390/11€°2- 61-39€29(G°1- 9
0°0 €0-3/8/289°t 20-3G88€99°1- 20-3/IGTL¥°8- 61-365€0€2°2- 02-36v.£26°8- 3 6
0°0C 20-38p¥11H'T  €0-3€/1£86°6- ¢20-3690659°G- 61-3221018°1- 02-3/96298°2- 9 8
£°0 20-36€//81°2  G0-3G/991/°9 0°0 6I-3IVILISY I~ 0°0 5 L
0°0 tv0-3899v91°v  p0-3TPEO6T"T 0°0  SI-3p1E9E2°I- 61-3I¥2Iv02"1- 9 9
0°0 $0-3£42552°8- 20-3£91191°1- 0°0  61-3622311°2- 61-3209812°(- P ¢
0°0 p0-2/1/£6E°G- 20-3998990°2- D°0  61-3912¢€9°¢- 61-388/S61°1- ) v
0°0  t0-39vGESI°T  20-3650982°2- 0°C 61-3/96919°¢- 61-394vvE0°1- 9 £
00 t0-36588€0°2- 20-3692899°1- 0°0 61-36289/1'2- 0Z-319105%°9- 9 4
0°0 £0-39/1€2€°1  €0-3¥0S012°T- 0°0 61-3/0/8BLL°1- 0°0 9 1
a

€y 2y 1y €l el Ii IdiL
40LJ3A

I INIDd
INIWIJIVI4STAQ




qQeT# WHTHOYd NVILSVN DSH

dAX+

6

00 a0 0°21 g 2149 -2:
00 60 0°¢ ¥y ED] -1€
a0 0°C G°8 £ Q149 -0f
00 0°0 0°¢ 2 Q149 -62
00 0-Q 2°0 1 0149 -82
1 G¢ gt 0¢ 62 1 S2  $avNdI -42
1 179 1 62 82 I ve  vavnd) -92
1 £€ 123 82 L2 1 €2 vavadd -52
1 A3 €€ i 92 1 2¢  #0¥Nd3 92
I ¢ ct 92 62 T 12 pOvAbd -£2
1 62 0¢ ve £2 1 0Z v0v¥Add -22
1 82 62 €2 éc I 61 #QYAR) -2
1 {2 82 22 12 I g1 vavnd) -02
1 g2 2 12 02 I PRGN [ SiiN] -61
I 62 92 02 61 i 91  pOvNLl -81
1 £2 | 24 g1 L1 i 1pavnll A
I 22 Y H 91 1 1 payndd -91
1 12 22 91 81 1 €1 pavadd -51
{ 02 12 1 FH I 21 e0undd -y
1 61 02 7l €1 1 11 va¥nds5 €1
H {1 g1 21 11 ! 01 pCvnds -2
1 91 i 11 01 1 6 vavndd 17
1 GT g1 01 6 I 2 va¥ndl =07
1 2 Sl 6 8 1 { tavndd -6
1 £1 121 8 L 1 S yavnbd -8
1 11 21 9 S ! S p0undl -
! 01 11 S y i v pQ¥nd) -9
I 6 01 14 £ 1 £ povNs) -5
1 8 ) € 2 1 2 vavndl -y
1 L 8 b4 1 1 T #avniy -
01 0°0 01 dAX+ -2
(1 0°0 0°0 0°0 0°0 00 I 42Qd03 =1
S A U Tk S PR PRSPPI P A 1NNO)
GYv2
0HI2I VLIVO XI1Nhd G3IL¥0S
ATNg NI93g ol
TIY=KIY4.LS ]
TTV=C1IN3HIIVIdSIa /
1¥=55341$ g
Tiv=0v010 g
iNdinG t
i = 3dS £
[ = Qv0 Z
QY07 39iSS3dd 2 3Sv3 €7 W31904d = ILIL 1
OHJI3I %23Qa 104LNOC2 IS Y3
aN3a
01 Wil
I 10$
INIRIIVI4SIQ dev
0661 WNINGOTT0D SYISH NYHLSYN §2 A8 ST 31Vid 31ISCAWCD a1
0HJ13 X330 T0¥iNDD IAT LN INT NY Y LSYHK

c

o~y




I+
SN+
D+
i+

8¢

It 62 ol £l

213 L} ve 81

3

a¢

§2

S3A 0°st  9%20° 174
S 0°06 3td0° <
S3A 0°0 9czo® 22
S3A 074y~ 5E20° ¢l

600" 50+30°¢ G0+30°¥ oc+ummm

v e %t e e e e a8 e s+ & o« @
COWLWOODOOOLWOODOLLOODOOOCOQOOOLOO

.

@ < 4 s s s e e & s e

OOOCOOOoOOOLDOOOOOOOOOCLOOOOULOLOCOOOC

0°G2

.

.

OCOCOOO0O
LR Ea Ko VE o VEo PR QWY =]

COLOVOCODDDOOD

s e 3 v
CSF < S €F € 43 OO0 00 00 00 €I 00 vt o=t vad o o=t ot vl

a o e » »

1t 5¢£¢

1 9¢1

g 9¢

1 9¢

1 9

i Qe

0 sy gt

3°3 0 9L

¢°66  9fly”

'Sy 910

90+35°133+36781
04l
g¢i
06
69
0t
0°0
031
8¢l
05
03
0°¢
0°0
041
621
06
09
0°¢
00
0°61
621
06
09
0'¢
0°0
061
6¢t
0°6
69
0°¢
0
0°61

[QUEGNN QN RN
B T R TR R e e I It ]

3 e QO KN et 0N 0N
[V VRV NV oV EooNasRasNanl

[aa R el
oo

J
)

(3N
N

14

O emi NS VY

D P 0 O vt et et ey

0
[e Yo NaVELoR - g Vel
D e P P P P P

i
©Q
>

-9

v
LA
O

[
v

-5¢
-5€
-€¢




800 40 ON3

* % % 4 5 &
0°C £0-30200£9°1- €£0-3b£96G9°1 0°0 G0 00 9 5¢
0°0 v0-36¢Epy6Z2 ¢  20-35£289G°1 0°0 00 06 9 49
, 0°0 G0-32p6/22°t- 20-3/90/81°2¢ 00 £ 00 5 T
' 0°0 ¢$0-30£0t99°G  Z20-30t0%€5°1 0°0 00 00 9 €€
| 0°0 $0-30S1vpL°6  20-308SLE1°1 00 00 0°0 9 2¢
00 t0-38£6/91°5- $0-3080102°¢- ¢°0 0°0 0°0 9 it
0°0 20-31%2660°2- $0-3056£29°T1~ 9°C 0 90 3 of
0°0  20-3G0656€ 1~ €0-311€52%°6  Z0-3£206£6°5- g0 00 9 £2
070  €0-329065/°¢~ 20-302¢509°T  20-""¢1C3t-2- 00 0. o 24
5°0 €0-3/1G2€£°9  Z0-3pS62£9°1  2C-~011800°8- 20 20 P] i2
0°0 20-38GO6P'1T  ¢0-3v///9G"1  20-36EpL'8 ¢~ 20 0ty 9 2
G0 20-35308¢5°T  £0-3990202° 1 U0 270 ] 9 274
0°0 20-308:9167¢- GU-I8BEQI6™ Y 00 KAt 00 9 £2
0°0 20-369€iz2°¢- t0-3918€yb 2 20-39%2502°8- 20 370 9 £z
0°0 €0-3829€Gy° (- £0-39€STIEG°S 10-3€93882°1- o'n g0 g 22
0°0 £0-3612099°8 €0-3622286°G  10-3//02(2°1- 00 25 9 12
0°0 20-3/pEec2 2 £0-389916v°t  c0-~3/8GZ2(B"/- 89 A 9 €2
00 20-3/00289°2 $0-31909.8°9 00 070 0°¢ g 61
0670 20-3/d0¢89°2- 0-31v09/8°9- 00 00 05 g 81
] 0°0 20-3/peeeZ 2~ €0-389G16t°%- 20-3/652/8° /- 0°0 0°90 3 T
' 0°0 €0-3612¢9%°8- £0-3622286°5~ 10-3//02(2°1- G°C 0°0 5 91
0°C¢ £€0-382%c¢5v !  €0-39€G1£0°G- T10-3£588%¢°1- U0 03 5 3¢
C°G  20-3698122°¢  €0-3IpI9EbP°2- 20-39£2602° 8- g0 40 9 y1
0°C 20-302/v16°2  w0-78%e916"p- 0°C gt GG 9 €1
0°0 20-349086G°T- €£0-3550¢02°1- 0°0 o0 (1089] ! Zi N
0°0 20-380060% i- 20-3%/L/{S0°1- 2Z20-36£9/18°¢- L 0°0 g 11 .
0°0 €0-3/162€2°9- 2Z0-39662¢9°.- 2G-3011860°8- 4°0 J°0 9 01 w“
0°0 £0-226065.°¢ 20-302¢609°1- Nc-uﬁeﬁoom.)- 00 20 9 6
0°0 c0-3Gp696E°1T  €£0-311£628°6- 20-3€20¢€5°5- 00 00 5 g
0°C 20-31v25€D0°¢  p0O-3066£258°1 0°0 00 03 ) !
0°0 $0-38/€(91°¢ t0-3080102°¢ 090 0o 00 g g
G0 90-309itb.6- 20-308GLE1°1~ ¢0 00 0@ g S
0°0 ¥0-30/0¥99°G- 20-30#0G66°1- 0°0 0°'0 00 9 H
0°0 &§3-3cb6i22 €  20-3/90/81°2- 05 D0 02 g ¢
0°0 $0-39€vv.2°2- 20-3G€£2895°1- 00 0°0 0 9 b4
0" £0-30200€9°1  €0-3p€6A83°1- 0°0 00 00 5 I
£y éd 14 gL i 1L 3dAL "QI INIO4
d40LJ33A LILNIWIIVI4SIQE




b &-17] “62
AXA+ 9 (174 001 0°0C ANI i -82
1 13 ag O 62 { 52 g
{ vE 19 6e 82 { ve -92
1 133 pe 37 2 1 £2 -52
1 43 £t {2 92 1 ee -vZ
1 1¢ 43 Z T4 i 12 voqm -tl
1 62 o€ ve £2 1 02 -Z2
1 8¢ 62 2 4 1 61 ~1e
1 L2 8¢ 3 1 i 21 ~02
1 92 2 12 02 1 n =61
1 G2 92 02 £l 1 91 -31
1 Z ¥e 81 L1 I 51 =Ll
4 22 £2 L1 91 [ ¥l =gl
1 |04 2 91 g1 I €1 naxgcQ -cl
1 0 (¥4 a1 ¢l [ 21 A
I 61 é Al £1 i 11 -€1
1 {1 81 A 1 i 01 =21
1 91 At 11 01 1 & qc::c; -1l
{ G1 91 01 6 { g pavad? MK
1 wl SI 6 g { { -6
1 £l $! 2 { i 5 yaend -2
1 4 VA g g 1 3 vadndl -
1 cI il 5 v 1 v pa¥ild -G
1 6 01 v £ 1 £ mm1:yu -5
1 8 & Y Z i ¢ ¥V i
1 { 2 2 1 I Topvndd -t
S (U £t Jay+ -2
26+ 0'1 0°¢C 0°0 G5 0 2°'G 1 42Gud3 at
+ 440 H4+ —mmh=" F++8+++ - f-= $440+++ oG pdtPrts cm oo +44 4y cmm e INNOS
Qay2
ANG NIB3 g
={HONNA ‘INTHd)SININIIVISSIA
w:
Mn
T = Q0K
O0HJII #3304 TZUYLNOD 35¥%3
a§3d
C1 3WiL
't 108
INIWMIDYIESIC dav
0661 WRINDCII0D SH3SH NWYLISYN 02 AB G1  31¥7d 3LIS0dW0D al
CHI 3349 17048416073 FATLN33 %3 Nv Yy LSy
PETH WITHOUd NVALSYN DIWSO2
e o e S ® @ ® @ ) o



E+06 4.0E+05 4.0E405 .005

OOOOOOOOOOOC"OODDOC’C}DOQOOODOODOOOOOOC}L:‘»

e

OOOOOO\)OOOOCJOO OOOOO(DOOOOOOOOOOOOOOO .

ODOOOOO(JO ODOOOO"“CD
OO C‘H_"O(DOC.‘DOOC,CDOOOO LI . o

. ’N(\)NN(\JN\-DKD\D\D\D\L'CJ(”Dl)\*)(_)(\.l
D e S I AL T <F T 0O GO OO 00 OO 0O et v ey et N S ERgngag Y

WD

<

-

oo OO OO oo OO O Ow
L)C‘MO . -CDOCDO . -DC)(.)\_) . -OUQCD . -KJC)OO - -DOC‘)O o D
. o O - . NI U . . O - [N aNE Vel O\ U . . C O\ LY -
orw\ocr»-«-—«om\.oo\.--qﬂom\om—w-—aotﬂ\omwr«meocr\-—n—«Om\.D(m-—v~-—-<

18.5E+06

O r= N UGN OO — M 0D S OO N N 0T L DO
O )T LD B OO KN vt vt e e pm et vt et O OV G0 00 O U O O OV O 60 €1 003 0 60 003 o) O

CLOO@OM@MEICMOMID IO MO

bt B8 Bnd b Br bt By Bt B vt haem Ay b4 b Py

O LX (r O X € (X (X O (X Ly (X € O €X X O {3 (X X <L

[ N el an l b I an i 45 )
ey
Lx_cxuau_u Y
[N N REL N UANT N EalNA

B A

e ERARE F R4 RRVEES H U2 RN RUL R RS- R Er FRARSARES REANEMY So NS4 EAT AR
LR T T S L T T T T O O T S S T S T T T T S S I R N N I N S S T S T N
Cre= 0 M E? LI WM~ QO O O M ST L0 D ™ O O e O D ST UND S O O v~ O M DO
[aaRetNob Rt Nas KnaRAsRasRASRESR Sal S SRS gL SVl S g -2 - 20 SR S SVA X SNVaRVaNUa VL RV LIV RV lVeRVeRVa RVa Ve RV

5
L
[3Y

ad

[59

ABC

SYM

22

0.0

3.

L)
(Xl

<
[*
oy

I

S
SNe s
4

O

35
3

30
25

24
19

36

6

18
13
36

THRY

THRU
THRY

7

—— Y e

AL
LYo ey oy
AW MY (MY e Y

v et e 4

TA

e
[SERUS N W RN ]
Lo aaa
[VaNSaNVaR ey Vel

ENDDE

L R R
T LD e (N Oy
LR SN




v0+31264A1°¢
vG+3€088/67 1
v0+3509469°1
v0+315€0¢T° 1
£0+36¥8024° £
£0+355¢148°1

SSINA41iS
03217V¥3R3D

20-38€805€ "5
20-319€028°9

¢0-38/6£€€°9
20-3£08165 "¢
20-3906¢t2° 2
20-360628p "2

SSVH
G3211¥d3K30

20+361/991 "
10+38€£506°8
+0+39889€7°8
10+3291101°9
1G+3190018°y

[0+38y6E9¢" m

»)ZN:ommu
217042

SIATVYANIDIZ

AONINDIH4
NY10vy

4

193

o 2 v 800 40 ON3 & + &

Re gt SRRV AR R Y

9
<
v
2
1

— OO R WY




n
. 5 2 w . B e L e - - a T T Bt
0°C 00 n'g -t
NG 03 0°'9 -2
ge 079 0°¢ -1
£ 0°0 070 -0¢
~§2
AX+ 9 02 001 8¢ ANI -32
I 5€ 9% of 62 1 -1z
1 € G 2 z i -97
1 1 i€ 2 {2 I -2
1 A3 13 iz G2 1 42
1 if b3 92 €2 1 4
T 62 o¢ : £ 1 02 H0vAd -22
1 €2 68 £2 Z2 1 ol y0wndd -7
1 i2 82 22 2 1 81  v0YA0) -02
1 92 {2 WV 02 1 11 y0wnd) -61
1 G2 52 02 61 i 91 paYNdD H
1 €2 92 21 {1 [ 51 tawnsd ~{i
H 2 £2 {1 o1 I vl vavnd) -1
1 12 22 91 Gl I £1 vayhoD g1
1 0z 12 GI vl I 21 yavnd? -51
I 81 02 y1 £l { 1 $0YA0) -£1
1 {1 §1 1 11 \ 01 pa¥np? -21
1 91 (1 i1 01 I 6 yavndd -7
1 61 91 01 £ 1 § $ovnGd -01
1 v1 1 6 8 1 L Ha¥nd3 -6
I £1 ¢l 8 L 1 9 $CYAdD -8 ©
1 1 21 5 g 1 S ¥avnh) =i |
i 01 11 g v I v payndl -9 ~
1 6 01 b £ 1 £ vaynl2 -G
i 8 3 £ Z 1 2 v3vnd) -y
i ¢ ¢ 2 ! : T savnd2 -£
0°1 00 01 J8v+ -2
29y4 6°1 0°0 06 0’0 09 00 I 420803 -1
P A P D N LI M PP PR P L Ol e INGO)
3492
OH231 vYirva 108 G3idgQSs
AIng H1938 ¢
1T0=(HONUd ' LNT8d ) SLNIWIIN 151G v
1AdLNO £
I = JdS Z
T = QOHi3W {
LKGGT
Quvd
OH33 %233 1T08LNGD 3Sv 2
aN12
01 3HIL
£ 108
IN3IXISYI4SI0 deY
0661 WNINDOTI0D S¥ISH MvdISYN 02 A8 G1  3i¥ld 3L1IS04W03 Gl

0HDI3 X234 T0d L NG IAT LA IXZ NYdLSVN




A+
SHA+
O3~
diXx+

1€
7€

S2A
34
S3A
S3A

5¢
0¢

0S¢
0°06
0°0
0°Gh-

§00° 4C+30°b S0+30°v 90+3¢3°

" e s A w4 s 4 & & 3 o @

.

* e o & o a2 e & 8 % s e o e o o
OCCQOOOOCCLOCOoOOOLOCOUCORLOOCLOCOLOLOOOO

OO COVCTORNOOCOCOLOOOLOOOOCCODOCODOoOO

NaRL

21
NYHL
8HL

S3A
S3A
S3A
S34

G2°
00z

LCoCoQ
e
OOO0O
IO N

COCCQOMIOOOO0O
SOOI NNV D WD WO O D

OO T T T OO 00 OO 0D (X OO vt vt vt g vt v et ot 4 el (N

3

.

P )

OO0 OCLCOOOCOOO

9¢e
oct
9t
o

Y
g¢£eg-
geeG”
9g£2%"
9£20°

.

u

90+38°190+36°91

0°SI
0°¢

(o]

OO
«

.
DMNMWO RNt O NOD P rd e LM AO RN O NG et -t DO O

OO

viy(adn3
124S
1245
134S
124S
13dS
UiA+
SiX+
DA+
dAd+
dW0d
WyYdYd
81y
aiey
J149
Q149
Qgiy9
3149
a9
a149
aly9
g1y
0id9
aIy9
0149
Qalds
aiygo
also
0149
gido
alrds
oIy
8]
glus
GIYS
gy
a149
aiy9
alys
aiye
aiEg
alen
arys
G149
GI4Y

=L
-G/

-9¢

[
™




224310969
$(+3928601°2
p0+326REEE7 1L
O+3E8HINLT
£0+3/95825° L
£0+354E568°1
SSINASTLS
(32171Y43N3D

20-3162669°1
20-3160455°9
20-3p£1125°9
20-3216v49° 4
26-3516601°8
20-3501681°4
SSYW
EYARLLELER]

204328921271
10413£26£20°6
10+3688b07°8
10+3830051°9
103214498 ¥
10+3L118LE°2

S3IBA2
SINTYANTY

x v ¢ 800 40 N3 & ¥ «

20+3v61619°¢
e0+3119249°%
20+308090¢°G
20+3202¢98°¢
243P[¥860°¢
2C+3GE2060 71

SNYIQvy
I3 Sv3xy

60+3712508° G
S0+3529412°¢
S0+36V$618°¢
§0+3302¢60°1
v0+319296€°6
yO+38/9282°¢

INTYANIDIS

L L -
(8]
9 g
g S
v v
£ €
4 2
1 1
33040 OM

NOILIVE.IX3 300K




4

-

[8

0 0 0 £ a1ys -0f
0 0 0 2 Q149 ~62
0 0 0 1 a149 -82
1 52 pO¥nhd -2
i y2  vavndd -9z
1 €2 9QvNL3 -62
I 22 vavnd) -2
1 12 $0¥nd) -£2
1 02 yayndl -22
1 61 tavnd) -12
1 31 v0vnd) -02
1 i1 pavndd -61
1 91  yovndd -21
I 31 pQvyndd -1
T vl yoynda -§1
T €1 yavndd -51
T 2l pavndd -p1
1 1T $Q¥Rh3 -f]
1 01 wayndo =21
H 1 & vO¥nd2 -11
1 5 § yavndd =91
: 6 8 L pavnda -6
1 ] ! 9 »QvND) -9
1 ] q 3 yovndl -4
1 5 b v ya¥Rdd -g
1 v ¢ £ pay¥n0d -g
M £ 2 2 yOvnd3 -%
1 2 1 1 #avidd -£
01 61 drx+ -2
I e 1 42@u0d -1
++40] 444 =o=6-"= ++18+++ “==f--" +++G+++ =G~ 4Pttt "L ++424++ ~~m]m-- INDDS
asy2
6313068
N8 NI938 &
Tly=NIvYis 8
TIV=Si%3IWIIV1dSid /
19=553415 g
Ty=09012 g
LN4LAO b
1 = JdS £
1 = 0907 2
SEIIHS IDv4 1¥7d HOIMONYS p1 w31804d = F111L 1
168 LNOD ERER B
GN3D
61 IWLL
0'T 10S
LNINIZYI6SIT ddv

# WITHOYd NVALSYN DIWSOD

o

2 48 S1 31Y14 311S0dW0D a1

IJATLA33 X3 NYelSVYN




149+
HI4+
943+
330+
J8v+

It
9

S3A
S3A
S3A
S3A

G¢
ot

8°Gh-
0°0
0°0
Gy

61
vl

9g20°
9¢20°
9€20°
§£20°

500" 50+30°% S0+30°¢ 90+35S°

« » e 8 e

OO OOOOCDOOCOOOOOOOROPO0
ODODOOOIOOOOOODOITIODCOOO

0

CODOOOOOO!
COLOOOOOoOOO

.

.

RS
WO OL
=4 et O\ O

s = a

.

OOODOOODOQOOOOO
AWV DWW

o
e 2 e 4 s s NI
(o e b ko K e R K

.

COOODODOOOTOOCO
OOt < o <F <t =T 00 00 00 00 O

-
D =i N

[ Y o]
D e »
0O +OWw
T OO N L vl vt ot

13

9t
g€l
9t

9¢

S
gre-
9e26°
9820°
01
9¢€20°
920"

90+39°190+35°81

8¢l

oo
o ®
o OV

C MOt O MDD

OO

O MWD CN vt CH D T et et

D0
s O\J M

P OCOOO
. :
Nt et DN D Ot i

ViYQGN3
13dS
12d$
134S
13dS
13d¢

2av0d
[H9+
H4+
943+
130+
J8v+
dW03d
iYW
11y
alus
a1d9
G149
G1y49
Q149
Qige
aly¥s
Glus
aiy
a1de
andg
Q149
a1y
Qalas
a1yl
C159
4149
4149
aly9
Qlyd
gras
a1d9
Q19
149
alds
Gide
ild9
G149
11149
0149
G: 49
Q149
Q149

v}

[ad]




» » x 800 40 ON3 + & »

0°0 G0-395266°/- H0-IVIIEHT"] 00 0°0 02-3/9ecLI’1- 9 9

0°'C G0-386£2¢%°/- $0-362506(°1 0°0 €0  02-319€991°1- 9 6t

0°0 G0-3¢88ETL"v- $0-3186G9°2 0°0 0'0 02-3€18940°1- 9 ve

0°0 50-3866€90°1  $0-399€S5Y°2 0°0 00 12-315£891°8~ 9 £e

0°0 50-318€6SF°S  £0-3pG9GE£G°1 0°0 0°0  12-3660009"¢- 9 2¢

0°0 S0-3/68{65°9 G0-396522f°6 0'0 0°0 0°0 9 i€

0°0 #0-3916262°¢- #0-3065€90°1 0°0 1¢-3998€26°t  12-322€56%°6- 9 of

0°0 t0-3€2916/°1- &0-3/0v98€°1  0-360160€°6- 12-316/5/0°1  12-36£/892°6- 9 62

0°0 60-36£2089°9- $0-30€6€86°T  £€0-3/2819€°1- 2c-38€4925°5- 12-3vv6499°L- S 82

0°'0 60-369/t2p°G  ¥0-3182916°1  €0-3ZLEPIE°T- 12-3104645°1- 12-32062L1°G- 9 2

0°0 p0-3£595€9°1  #0-31688%1°1  ¥0-36L01t1°8- 12-36209€6°2- 12-3208¢8E°2- 9 92

0°0 $0-3191290°¢ §0-3229v4¢°/ 0°0 12-3999/[¢°¢- 00 9 52

0°0 t0-3plegder c- G0-3959681¢°9 G0 1¢-3980EL5°Vy  .7-3EERL¥8°G- 9 v

0°0 $0-3212£6/°2- GO-3€96#08°G  €£0-318I60€°I- 12-32p2250°1 12-3t89801°9 9 £

0°0 60-36v82/8°6- G0-36V£{9L°9 €0-360%920°2- 12-32812pG°1- Tc-322apbE b 9 2z -
0°0 t0-329T100°T  G0-3€€88/6°%  €0-3//2B00°2- 12-381891y°€- 12-3£86901°2- 9 e ”
0°0 vC-3vbb82L°2  G0-3000916°2  €0-3166242°1- 12-3FS9E/E°b 22-3%¢ii85°¢- g 0¢ o~
00 v0-30/bE9E°€  G0-3G16802°1 0°G 12-3Ir/6696°¢- g 9 61

0°0 $0-30/p€9¢°¢€- G0-3816802°1- 0°0 {2-3802by1°€  12-3/09%80° ¢ 9 8!

0°0 ¥0-3Ivv¥82/°2- G0-300091G72- €0-31662LC 1- £2-3(299.2°¢- 12-398IpEl"¢- 3 /1

0°0 t0-3291100°T- GO-3€€8B/6°G- €0-3//28C0°2- 12-3208116°2- 12-3pG8L8Y°1- 9 91

0°0 50-36v¥82/8'6 G0-Iovi[9L°9- €0-3604920°¢- 12-3£9/9/1'¢~ Z¢-36104vE°¢ 9 61

0°0 $0-3212€64°¢ GO-3€96008°G- E€C-ITBIGOE 1~ 12-3994980p°v- 22-3CBIYEB'6 5 7

0°0 v0-3IvIE9EH°E  GO-359681H°9- 0°0 12-3919940°¢- g0 ] t]

0°0 $D-3v91290°2- G0-3229BGE° L~ 0°0 22-36/9115°¢  12-385695/°1- 9 21

0'0 v0-38995€9°1- v0-31688%1°1- ¥0-36/01L1°8- 12-3£1€982°1- 12-36E8030°1- ) 1

0°0 40-399£€2¥°G- $0-3182916°1~ €0-ILLEPIL T~ 12-3GEE0SG7€- €2-3/06623°9 S 01

0°0 G0-36€2089°9  $0-30FEE86°1- £0-3£2819€°[- 12-3189968¢°t- 12-3EBGOEI°I B f

G0 v0-3€2916/°1T  ¥0-3/0v98E"1- +0-360TE0E°6- 12-31¢2602L°€- 12-3612ett’] 5] 8

0'0 +0-3916262°2 $0-3069€90°1- 0°0 12-3€2995(°1- a0 9 4

0°0 G0-3/68465°9~ G0-396G22€°6- 60 22-368t/81°'v- <C2-3614615°9- 9 9

0°0 G0-3IBE6SH G- HO-IVG9GEC”I- 0°0 12-3208626°1- 22-3Ivpysbl - 9 S

0°0 G0-3866£90°1- H0-399£GGH 2~ G'0 1¢-38(5286°%- 22-362{v92°1- 9 b4

0°0 G0-3288tT{°v  $0-318L6SG°2- 00 12-399129¢'v- 22-32£96%6°2- 9 3

0°0C 60-386£2t¥°/ H0-362906/°1- 0°0  T12-321168G6L7c- z2-3evi06L Y- S 2

0°0 §0-35G266v°L  HO-IVITLYI 1~ 0°0 12-319€29¢°1- 00 9 1

12 ad [¢.] el al 1L 3dAi "01 LNIOd

40L1LJ3J3A LN3IHWIIVTILSTEA




L J L A B - L 2 W ]
0°0 0°G 0°0 L -82
T G¢ 9¢ o€ 62 2L 62 »ayndI -12
v € 5€ 62 82 2L v2  $Q¥NDD -92
1 €€ ¥€ 8¢ L2 2¢ €2 pavnbd ¥
i rAS €€ (2 92 2L 22 vavads -p?
1 1€ € 92 G2 2 12 $QvAG) €2
1 2 0f ¥ £2 z 0Z avnod -22
1 82 62 €2 22 2L 61  G¥ND2 -12
1 12 82 22 12 ! 81  vCvnd) -0¢
I 92 2 12 02 2L 1 $avndd -61
1 52 92 02 61 2L 91 vavndl -81
1 £2 v 81 {1 2l 51 dvndd A
1 22 £2 L1 91 2 v pavNdd -g1
H 12 22 91 gl 2L €1 v0vYADD -6l
m 1 02 1c Sl b1 2l 21 $a¥add 41
| 1 61 02 1 €1 2! 11 #avAd) -£1
! 1 N 81 21 4t 2 01 vavndd -2l
1 1 {1 11 ol 2L 6 tavnud -11
I 31 91 01 6 2L 8 ¥avny) -3l
1 bl g1 6 8 2L L YGYND -6
i £1 vl 8 L 2L 9  pav¥add -8
1 11 1 9 g ! S yavnd)d ~L
1 ol H g b 2l b 2Q¥A0) -
I 6 1 b € 2L € pavnid -G
i 8 6 £ 2 2l 2 pOundL -t
1 L 8 2 1 2 1 yavndd -€
01 00 0'T  dAX+ -2 ~
dAY+ 01 0°0 0°0 gre 0°0 09 I ¥2080) -1 o
. OH . e m . e w o N .o m . m rx Q . m .o N . “ . N.bcu r\‘
a8yd
GHI3I ¥YLlVa X178 031806
8/ = INMOD QYYD Yivd X108 LNdNI
WIng M153d 6
TIV=N1¥ELS 8
IY=SiNINIIVIdSIa L
I7I9=55344S 9
T1v=0¥010 5
1né:no ¥
1= 2dS £
1= ayN 2
SL3INS 30V ILISCAWOD 3ILVId HIIMONYS Y1 W318C¥d = 3141l ;m
1IN0
Q5Y3
OH23I %23a 108LKO2 3ISVY)D
aN3d
01 WL
110S
ININIDY14SIa ddY
0661 WAINGOTTOD SYISH NWGiSYN 0Z A8 G1  3iv1d 3LIS0GH0D 91
OHJ33 X233d TOWLNOGD 3IAILNIIXI NVILSYH
FTH# WIIHONd NWILSYN DS




¥ 1YAGN3

ge REHL [$3 9¢2g 1 13dS L
1€ S¢ i €1 L 1 gel 1 12dS =G
9¢ ot 174 81 21 9 9¢ 4 {3dS -5
g NY¥HL 1 9¢ 1 12d$ 7
at NdHL I 9 I 13d4S -£L
52 HL 1 0°2- 1 2av0ld -2
S3A 0°Sy  9tc0° 2e THO+ -1
THO+ SIA 079t 9edl’ 2 S3A 0°06 9¢€20° I HIJ+ -0
H9d+ S3A 0°0 9£20° 2e 0°0 01 Gl 943+ -69
943+ S3A 0°0 9teC 2 S3A 36 9€20° e 430+ -89
436+ S34 Gy~ 9e20° 2e S34A ‘3% 9ESCT 22 J8y+ s
J8y+ 2l dn0dd -59
G00° ¢0+30°% S0+30°% 90+349° §2° 90+39°190+35°81 22 8ivW -59
§2° $0+30°¢ 01 Tlun -9
0°0 0°62 0°51 9¢ a1dd -£9
00 0702 021 13 a1y9 -Z9
0°0 0°02 0°6 ve a1yy -19
g0 0°0¢ 0°9 € aiyd -09
0°0 0°02 0°t A 8. 1] -66
0°C 002 00 1€ a:49 8¢
0°C 0°91 0°61 0t 2149 -L5
00 0°91 0°21 §2 a1y9 -9§
0°0 0°91 0°6 82 G149 =56
0°0 0°91 0°9 44 aiy3 -4 )
C0 091 0°¢ 9¢ (149 -€§ %
0°0 091 g 0 G¢ a1y49 -26 ™
0°0 021 0-qi ve aidy -18
0°0 02t 8¢l 19 G149 -9
0°0 0-ct 0°6 44 a1ys -6y
0°0 g-ct 09 Z ary9 -8
0°0 0721 0°¢ &2 aIxd A4
0°0 02t 00 61 a1ds ~9y
0°0 0°8 05! 81 a149 -Gy
0°0 0°8 021 L1 a1yy 3
0°0 0°8 0'6 91 Q149 -£p
00 0°8 0°9 51 alad -3t
00 08 0°¢ vi ai49 -1p
0°0 08 0°0 £l giyo -0v
0°0 0t L 21 aIy¥9 -6t
0°0 0t v'el 11 8] -8¢
00 0°¢ 36 01 aryy -LE
0°0 0y 0°9 6 ar49 -9¢
0°0 0t 0 8 Q149 -GE
0°0 0y 0°0 L ai¥9 -ve
0'0 0°0 0°G1 9 GIdd -¢e
0°0 0" 0-ct S 2149 =2t
00 070 0°6 Iy arss -1£
00 00 09 £ 0149 -0
00 g0 A Z arye -6




¥ x ¢ 800 30 ON3 5 » »

0°0 t0-38052v1°1- ©$0-3LL01/6°1 0°0 00 0°C 9 9¢
00 60-36392G9L°6- H0-398/£¢6°1 0°0 0°0 09 9 '1S
€0 G0-39/9tv/°€- ¥0-3906809°2 0°0 0°0 o0 9 12
0°0 50-31$99i€°p $0-35£0/09°2 0°0 00 60 9 113
0°0 0-39714800°1 #w0-3p220E6°1 G0 0°0 370 5 Z€
0°0 $0-380PISI°T  $0-396/8/5°1 0°0 0’0 0°0 9 43
0°0 $0-306(892°2~ $0-319200¢°1 00 00 0°0 9 0t
0°0 $0-3€2/028°1~ $0-3€9€225°T  €0-3¥60062°1- 0°0 0°0 9 62
0°0 G0-3€/8€1v°9- +0-3/¥8G/0°2 €0-3LLGE2F'1- 0 00 9 Z
0°0 60-3t05¥08°9  +0-3G8£€80°2  £0-3901026°1- (11} 0°0 9 {

0°C »0-366£9¢8°1  pO-3Tv2ebG 1  €0-398GE82°1- 00 0°0 g g2
0°0 $0-366{592°¢ t0-38p82pE°1 0°0 0°0 0°0 9 74
0°0  p0-3p680/€°E- GO-32H96G.°Y ¢c°0 0°0 0°0 g ve
00 ©0-361625/°2- G0-3IHTI00T10°G  €0-320¢Sy8°1- 0°C 00 9 €2
0°0 $0-390/000°1- GG-309€906°9  €0-3811513°2- 0°0 A1 5 22
0°0 Pp0-38IGEI0'T  GO-38€8¢80°/  €0-302vEl18°2- 0°0 00 9 12
0°0 ¥0-32€/65/°¢ 6O-3I¥L061IS"G  €0-3TIpcH8 1- 070 00 9 02
0°0 ©0-360999¢°¢  G(-32622¢5°6G 00 0°0 0°0 9 61
0°0 $0-350999¢°€- G0-32622£6°6G- G0 00 0°0 o 81
0°0 $0-32€/S6/°2- G0-3v€061G6°G- €0-3TTp2ys°1- 0°0 0°0 9 Al
0°0 $0-3819¢LT0°[- G0-38¢8€80° /[~ €0-302vEl8°2- 0°¢ 0°0 9 81
00 t0-390/000°T 60-306€£906°9- ¢£0-3811618°2- 0°0 0°0 5 91
0°0 t0-361625/°2 GO-3vT0010°G- €0-3206548°1- 0°0 0°0 9 v
0°0 t#0-3v68CLE°E  S0-32096GL b~ 00 0°0 00 9 €1
0'0 $0-366/992°¢- tv0-3I8beevE"1- 09 0'0 0°0 9 Zi
0°C $0-366£9¢€8°1- $0O-31v28¥G°1- €0-3GRGERE 1~ 0°0 0°0 9 Iqt
0°0 §0-3€06¥08°%- t0-358€€80°2- €0-390%1u26°1- 1] 070 9 01
0°0 G0-3t/8€1v°9 $0-3/v85/0°2- €0-3//G€26°1- 0°0 0°'C B )

0°0 0-362£028°1 0-3€£9€226°1- ¢€0-3160062°1- 30 0°0 5 8

0°0 $0-306/892°¢ $0-319200¢£°1- 20 G0 0'0 9 1A

00 ¢0-380v1GI°1- $0-395¢8(¢°1- 0°0 0°0 0°0 9 9

0°C ¢0-391/800°1- $0-3v22vE6"1- c0 0'0 0°0 9 S

0°0  S0-31v99/€°p- $0-39£0£09°2- 0°0 0°0 0°0 9 4

0°C 60-39/9¢¥l°€  $0-3906802°2- 00 0°0 0°0 ] €

0°0 50-368%2%/°6 p0-399/££6°1- 00 0°0 60 9 I4

0°0  $0-380G2k1°T  HG-3L/01LS5°1- 0°0 0°0 (1] 9 1

% 2d Ty (31 2l 11 3dAl ‘Gl INIOd

30140238 LHWNIWIIVILSIAQ

234




PROUBLEM #9

REGULAR SYMMETRIC CROSS-PLY LA4INATE

5 10 15 20 25
14 15 & 17

4 o )12 192 24
10 I ie 13

15 g '3 '8 23
& 7 8 o

2 - |2 {77 ) 22

T 3 4 5

\ A il 16 2\

FIGURE 9

A quarter model of a composite square plate modeled as

lom iste s shown in Fig, 9,
nesy of egch ply is .L00666.
E,=5.0x107, V. _+0,25 and G

‘1.0-“\’10‘ v

~1.836x1077,
and 3 in element 17 in Table 4.

5 ;‘“ p
{Tll %2 1 T
s |

Esa 1.8 | -.06

TABLE 4

symmetric cross-ply
The length of each side i3 1. , and the thick-
The material properties are given as E
+2.5x107 and are the same for each ply.

pfate isasfmp}§ supported Agd is subjected to a uniform pressure load of
The finite element model contains 25 nodes and 16 elements,
theoretfcal solution for the Z deflection at Grid 25 (center of the plate) is

Theoretical results are also given for the stresses in layers }

=2.0x10"
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PROBLEM #12
COMPOSITE SHELL ROOF

FIGURE 12

A finite element model of a composite shell roof modeled with the symmetric
lay-up [45, -45, 15, -15, -15, 15, =45, 45] s shown in Fig. 12. The length
and radius of the shell are 25, and the thickngss of each }ayer is .03125.
The materig1 properties are givgn as EZ=2.Ox10 , E,=0.5x10 , v12:0.25,
6,,%2.5x10°, and G,,=G,=2.5x10°. The shell is subjected to a‘finiform
obBscure of 90.0. 'Resfts from MSC/NASTRAN are given in Table 8 for the
radial deflection at selected nodes.

GRID 11
34 -1.0662
35 -1,3441
36 -1.6074
43 -1,3267
44 -1.6739
45 "2 00079

TABLE 8

243
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Appendix F: NASTRAN Input and Output {or Problem $#15




FRORLYM 15

COMPOSITE RECTANGULAR PLATE - UNSYMMuTRIC CROSS-PLY LAMINATE

2 . 6 9 B 12 15
2 '5 8 11 14
2 S (- SN .S
: |
! 4 Iz . 10 13
e O % ¢ ® ¥ O
UNSYMMETRY.C FIGURE Al

CROSS5-PLY LAMINATE

One¢ half of a ccumposite rectangular plate modelad with the unsymmetric cross-
ply layup (0%, 90°) is shown in Fig. Al. The plate is mcucled with 15 nodes
aad 8 oleﬁénns. The length of the plate is 5", the width 1s 1", and the
thickness of each layer 4s .005". The waterial preperties aatrix on the
MAT2 card is given as Gy, = 1.94x107, Gy, = 4.66x10°, G,, = 1.23x10° eud
Gqq = 8.3x10°. The thermal expansion coefficient vector i3 defined by

Ay ~1x107® Ay = £5%x107% and Ayn = 0. A& temperaturs fleld was detined

for the plate by an aversge temperature of 230° cver the cross-section of
manh element on the TEMPPL card. The input deta, the c¢xlculated thermal

luediry, snd the displacements due to the vhermal loadi o are also provided.
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